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Abstract

Abstract

Nowadays, superconductivity, magnetism and quantum criticality are main research fields in
solid-state physics. In this thesis, the investigated quantum critical compounds are the series
YbNi4(P1−xAsx)2 exhibiting a ferromagnetic quantum critical point (FM QCP) at x ≈ 0.1,
the compound YbRh2Si2 exhibiting a field induced QCP for Bcrit ≈ 60 mT (B ⊥ c), and the
series Ce(Ru1−xFex)PO with a QCP at x ≈ 0.86.
The YbNi4P2 single crystals have been grown by two different methods. The Bridgman
method yielded single crystals with a mass up to 10 mg. The large single crystals obtained by
the Czochralski method grew up to a mass of 1800 mg. The compound contains ytterbium
and phosphorous with a high vapour pressure at high temperature and the high-melting
element nickel. Initially, the high reactivity of the melt with the tendency to attack the
crucible material impeded the prereaction. The following conditions were found to be suit-
able (i) the crucible setup consisting of a boron nitride inner and a niobium outer crucible,
(ii) a Yb-P-Ni stacking of the elements in the crucible, and (iii) a maximum temperature of
900◦C. Furthermore, a homogenization and cleaning of the obtained precursor is necessary.
The application of an argon pressure of 20 bar in the growth chamber was key to slow down
the evaporation of P and Yb and to achieve stable growth conditions. A seed holder with
an appropriate heat diffusion rate was designed and a well oriented crystal was used for the
single crystal growth by the Czochralski method from a levitating melt utilizing a Ni-rich
flux. We have demonstrated that the high-temperature metal-flux technique can be used to
grow large single crystals of materials with volatile elements. Furthermore, the Czochralski
method was applied to grow single crystals in the substitution series YbNi4(P1−xAsx)2 for
x = 0.1, 0.12, 0.15, 0.2, 0.4, 0.6, 0.8 and 1.0. Electrical transport measurements on YbNi4P2

down to 20 mK confirmed a sharp transition into the FM state at TC = 150 mK. Addi-
tionally, the resistivity ratio, the best indicator for the high sample purity, was improved
from previous RRR = 16 to RRR = 60 for j ‖ c. Due to the high sample purity, the
resolution in the transport measurements enabled the investigation of Lifshitz transitions
in this compound by H. Pfau and coworkers. In particular, their cummulated occurence
at low fields is extraordinary. In the YbNi4(P1−xAsx)2 substition series, Fermi liquid be-
haviour was observed below T = 2 K in the specific heat as well in the electrical resistivity
for x ≥ 0.6. The anisotropy of the resistivity in YbNi4P2 turns into isotropic behaviour in
YbNi4As2, and the resistivity Kondo maximum shifts to lower temperatures upon approach-
ing the quantum critical concentration. The heat capacity data down to T = 350 mK, shows
critical behaviour on the non-magnetic side of the QCP up to x = 0.2 identical to that of
YbNi4P2. Measurements of the magnetization showed that the effective magnetic moment
decreases from µceff = (4.82 ± 0.02)µB at the phosphorous side to µceff = (4.52 ± 0.02)µB at
the arsenic side, which hints a reduction of the Yb valence. The third missing crystal elec-
tric field level E3, was worked out in collaboration with Z. Hüsges from neutron scattering
and heat capacity data. Pure phase LuNi4P2, synthesized within this thesis, was used as
a non-magnetic reference in this specific heat capacity measurements. The suggested levels
are E1 = 8.5 meV, E2 = 12.5 meV and E3 ≈ 25 meV. This could be confirmed in high-field
magnetization measurements. For a further improvement of the level scheme, nuclear mag-
netic resonance measurements on large single crystals have been started by H. Yasuoka, H.
Tou and coworkers. Angle resolved photoemission spectroscopy (ARPES) experiments on
YbNi4P2 performed in collaboration with D.V. Vyalikh and coworkers show coincidence with
a former band structure calculation by H. Rosner, where mainly nickel states contribute to

iii



Abstract

the density of states near the Fermi level. In collaboration with Z. Hüsges, S. Lucas and O.
Stockert using samples with masses up to 1800 mg, antiferromagnetic (AFM) fluctuations
far above the Curie temperature could be detected by inelastic neutron scattering, which is
in good agreement with the non-occurence of an electron spin resonance (ESR) in earlier
measurements by J. Sichelschmidt.
The best studied material close to an AFM QCP YbRh2Si2, was grown from indium flux
by a modified Bridgman method. A large number of single crystals have been grown, which
vary in shape and size suitable for variable demands. On thin YbRh2Si2 single crystals, J.
Saunders and coworkers confirmed the superconducting transition at Tc ≈ 2 mK by mea-
suring the thermal noise. On thin YbRh2Si2 single crystal platelets, a meander structure
is prepared using the focused ion beam technique (FIB) by M. Brando and coworkers for
low current resistivity measurements at millikelvin temperatures. On large YbRh2Si2 single
crystals, D.V. Vyalikh and coworkers found the ”small” Fermi surface by Compton scatter-
ing at room temperature. Due to its low lying Néel temperature, its small ordered moment
and the absence of single crystals suitable for neutron scattering, the magnetic structure of
YbRh2Si2 is still unknown. With our new large single crystals, magnetization measurements
at low temperatures (M. Brando and coworkers) as well as microwave spectroscopy at low
temperatures and low fields that were unaccessible until now (M. Scheffler and coworkers)
have been started. Single crystals of YbRh2Si2 which allowed for the preparation of a large
flat polished surface were investigated by C. Wetli, M. Fiebig and H. Kroha using time-
resolved THz spectroscopy to unravel the dynamics of the Kondo state.
In the series Ce(Ru1−xFex)PO, single crystals with x = 0, 0.44, 0.77, 0.86 and 1.0 were
grown successfully from tin flux. The nature of the QCP that occurs at x ≈ 0.86, was
under debate. Here, AFM order in the vicinity of this QCP was confirmed by magnetization
measurements.
We have characterized single crystals of SmRh2Si2, GdRh2Si2, GdIr2Si2, HoRh2Si2 and
HoIr2Si2 which were grown from indium flux using a Bridgman-type method. The investi-
gation of the magnetic structure by neutron scattering of compounds containing Sm, Gd and
Ho is hindered due to their large absorption cross-section for neutrons. Nevertheless, the
detailed study of the bulk magnetization of GdRh2Si2 enabled us to determine its magnetic
structure by combining resonant inelastic x-ray scattering (RIXS) with VSM measurements
and comparing the latter with the data predicted by a mean-field model. As a follow up,
within this framework the rotation of the AFM order parameter driven by an external ro-
tating field was traced by ESR. ARPES revealed two-dimensional electron states at the
Si-terminated surface of GdRh2Si2. These Dirac and Shockley surface states exhibit itiner-
ant magnetism and their spin splitting arises from a strong exchange interaction with the
ordered Gd 4f moments. The surface states in HoRh2Si2 are affected by the electromagnetic
exchange interaction (RKKY) as well as by the spin-orbit coupling. The study revealed that
the temperature can be used as a tuning parameter for the surface magnetism as the temper-
ature dependent changes in the moment orientation in the bulk are reflected in the surface
properties. ARPES studies revealed that for Sm ions in SmRh2Si2, the electronic properties
of bulk and surface are rather similar and the Sm ions behave slightly mixed valent in both
cases with a mean valence of about 2.94 at T = 10 K. Our resistivity and heat capacity data
exclude the presence of the Kondo effect in this compound. The electronic surface states
of the LnT2Si2 compounds were investigated by ARPES in collaboration with D.V. Vyalikh
and coworkers.
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Introduction

Nowadays, phenomena like magnetism, superconductivity or quantum criticality meet strong
interest among solid state physicists who study their origin and fundamental properties from
the experimental and theoretical point of view. Materials showing strong correlations are
of special interest. In these materials, the electron-electron interactions play a major role
and affect the physical properties of the systems. The work on strongly correlated elec-
tron systems always comprises the search for materials which enable the understanding of
fundamental phenomena with potential for future applications. Many intermetallic systems
that contain lanthanide (Ln) elements are strongly correlated systems in which the magnetic
properties are determined by the local nature of the 4f electrons. For instance, this class of
compounds contains hard magnetic materials [1, 2], diluted and dense Kondo systems [3, 4],
Kondo insulators [5, 6], valence fluctuating systems [7, 8], heavy-fermion systems and heavy-
fermion superconductors [9–11], systems exhibiting no Fermi liquid (FL) behaviour at low
temperatures [12] and quantum critical materials [13, 14]. Ln compounds offer the opportu-
nity to investigate a large variety of physical phenomena. Several competing mechanisms are
present, such as the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction which leads to an
alignment of magnetic spins yielding an antiferromagnetic (AFM) or a ferromagnetic (FM)
ground state, the Kondo interaction which is the screening of the magnetic moments by
the conduction electrons and the effects of the crystal electric field (CEF) splitting. The
theoretical treatment of Ln compounds, which contain a large number of electrons and in
which the different interactions have to be taken into account, is elaborate, if even possible.

In solid state physics, the study of phase transitions is one of the main topics. Two
categories of phase transitions can be distinguished. At a first order phase transition, the
system shifts discontinuously, for example upon changing its state for increasing temperature
from a solid to a liquid. The first derivative of its free energy jumps at the phase transition.
In contrast, at a second order phase transition, the system shifts continuously which is, for
example, the case at a magnetic phase transition upon lowering the temperature where the
second derivative of the free energy is discontinuous. Upon shifting the system towards a
second order phase transition, fluctuations of the order parameter grow which extend over the
entire system. These are called ”critical fluctuations” at the critical point. While classical
physics gouverns the fluctuations that evolve by approaching a non-zero temperature phase
transition, the fluctuations become quantum mechanical in nature at a zero temperature
quantum phase transition (QPT). Near a quantum critical point (QCP) the characteristic
energy of the quantum fluctuations becomes larger than the thermal fluctuation energy of
kBT . The influence of an existing QCP on the physical properties of a system can already
be observed at non-zero temperatures. The FL behaviour of the system changes into non-
FL behaviour when approaching the QCP. It is believed that in many systems, the arising
unusual metallic states act as precursors for the development of superconductivity.
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At a QPT, different microscopic systems exhibit the same scaling behaviour. They show
scale invariance in space and time of the critical fluctuations extending over a wide region
in the phase diagram. Thus, the fascinating property of a phase transition is that different
materials show universality in their behaviour at this phase transition and can be described
by the same theory which is scale invariant. The existence of a QCP is connected to a
diverging Grüneisen parameter. Its nature can be characterized by comparison with the
predicted power law behaviour of the volume thermal expansion and the specific heat in the
frame of the spin density wave (SDW) scenario [15]. A second scenario, which was proposed
for systems where no SDW order is found directly at the QCP, is the Kondo-breakdown
scenario [16, 17]. For this scenario, ω/T scaling of the dynamic susceptibility χ(~q, ω, T ) is
predicted [18, 19] which is not expected in the SDW theory.

The search for compounds where quantum criticality emerges often starts with the search
for compounds with low lying ordering temperatures. If a tuning parameter for a particular
system exists, which at a certain value allows to suppress the magnetic order down to lowest
temperatures, this point is called a QCP. Pressure, magnetic field or the substitution of
elements can act as such tuning parameters. Quantum critical behaviour was not only found
in intermetallic compounds such as YbRh2Si2 [20], CeCu2Si2 [21], CeIn3 [22] or CeCu6−xAux
[23], but was also studied in oxides such as Er2Ti2O7 [24] and organic compounds [25]. In
the past, mainly the suppression of AFM order resulting in an antiferromagnetic quantum
critical point (AFM QCP) has been investigated, that is due to the fact that the FM order
is not stable all the way down to lowest temperatures. Instead, for many FM materials the
second order phase transition into the magnetically ordered state turns into a transition of
first order or a different ordered phase forms [26]. In the recent past, only few compounds
close to a ferromagnetic quantum critical point (FM QCP) have been identified and attracted
considerable attention. One of the rare examples, where the existence of a FM QCP was
confirmed is YbNi4(P1−xAsx)2 at x ≈ 0.1.

The aim of this work is to prepare and characterize compounds that allow the study
of physical phenomena near a QCP. While the low temperature properties of different Ce
compounds have been investigated intensively in the past, only few Yb (which is the hole
analogon of Ce) compounds were studied. One reason for this imbalance is the difficulty in
the preparation of Yb compounds due to the high vapour pressure of this element. There-
fore, one focus of this work is the single-crystal growth and the characterization of Yb com-
pounds. Nowadays, measurement techniques facilitate the investigation of quantum-critical
compounds down to sub-millikelvin temperatures and the quest for high-quality single crys-
tals is of extended interest.

This thesis is organized as follows: In Chapter 1 the basic concepts and experimental
techniques concerning single crystal growth and structural and chemical characterization are
presented. Furthermore, a summary of the previously known physical properties of Ln-based
compounds together with a description of the applied methods for their characterization
is given. The crystal growth and characterization of YbNi4P2, which is a system close
to a FM QCP is described in Chapter 2. The results on YbRh2Si2, which has become
established in the past as a canonical example for a system close to an AFM QCP, are
presented in Chapter 3. The series Ce(Ru1−xFex)PO where the existence of a FM QCP was
proposed recently is investigated in Chapter 4. Chapter 5 is dedicated to the preparation
and characterization of magnetic materials showing no Kondo effect for which the occurence
of electronic surface states was predicted by band structure calculations. The aim here is
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to study the influence of the bulk magnetic properties on these states. In the past, the
band structure of different 4f and 5f materials was studied by angle resolved photoemission
spectroscopy (ARPES) [27] and we contribute to this field by providing high-quality single
crystals of Sm, Gd and Ho based LnT2Si2 (T = Rh, Ir) compounds. At first, in chapters 2 to
5 an introduction to the respective compound is given followed by a summary of the specific
results. The details can be found in the main part of each chapter.
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1

Basic concepts
and experimental techniques

1.1 Crystal growth

The following sections, provide an overview about the relevant aspects concerning the crystal-
growth experiments performed in this thesis. A general introduction into the field of crystal
growth is given in [28]. Working with phase diagrams as collected in [29] is indispensable
especially when growing crystals from an off-stoichiometric solution (flux). The temperature
dependent vapour pressure of the elements, summarized in [30], has to be considered when
performing crystal-growth experiments using highly-volatile elements.

1.1.1 Nucleation and crystal growth

The thermodynamic potential which can be used to describe a system in a crystal growth
experiment is the Gibbs free energy

G = H − TS = F + PV, dG = −SdT + V dp+
∑
i

µidni, (1.1)

with the enthalpy H = U + PV , the Helmholtz free energy F = U − TS, the temperature
T , the entropy S, the volume V , the pressure p, the chemical potential µ and the mole
number n of the i-th component. U is the internal energy. For constant temperature,
pressure and number of particles, the Gibbs free energy is constant, dG = 0. This is the
case, when two phases, such as liquid and solid coexist in the thermodynamic equilibrium
during a phase transition. Under equilibrium conditions, crystal growth is impossible. The
driving force for crystallization is the difference in the chemical potential ∆µ of the liquid
and the solid phase. The growth rate depends directly on ∆µ while ∆T is the associated
undercooling. At low temperatures, the solid phase has a lower Gibbs energy than the liquid
phase and is formed upon cooling. By cooling down a melt of a certain composition several
cases have to be distinguished. (i) The melt solidifies as a stoichiometric phase of the identic
stochiometry (congruent solidification). (ii) The melt solidifies with an eutectic composition.
(iii) The system cools down meeting a miscibility gap where no thermodynamically stable
composition exists as a solid. In this peritectic case, a part of the melt solidifies and the
composition of the remaining liquid shifts towards the eutectic.
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Nucleation can take place in a liquid at surfaces such as the wall of the container, at the seed
crystal, or at impurities (heterogeneous nucleation) or away from any surface (homogeneous
nucleation). In a homogeneous nucleation process, no surface is present to support the
formation of the initial nucleus. Here, during the nucleation, the change of the Gibbs free
energy composes of the (negative) volume energy ∆Gv ∝ r3 of the nucleus with radius r
and the (positive) energy that is necessary to form the surface ∆Gs ∝ r2. A critical size
r∗ can be deduced for the three dimensional case according to ∆Gnucleus = ∆Gv + ∆Gs and
∆G′nucleus(r) = 0. For r > r∗ the free energy of the system decreases when a nucleus grows. A
nucleus will be formed and will grow further at/above the critical radius r∗. Small nuclei with
r < r∗ will be dissolved again by the melt. In the Bridgman growth experiments, Sec. 1.2.3,
heterogeneous nucleation at the crucible wall as well as homogeneous nucleation in the
flux can take place while in Czochralski growth experiments, Sec. 1.2.4, only heterogeneous
nucleation at the inserted seed occurs. While in the Bridgman-type flux-growth experiments
sometimes up to 100 small single crystals are formed in a random manner, the Czochralski
experiments yield one large single crystal due to the availability of the seed crystal. In
these experiments, the output can be highly deterministic. To induce crystal growth, the
supersaturation or undercooling of the melt is required. In a small temperature region below
the melting point of the solid it is possible to decrease the temperature of the (metastable)
melt without the occurence of a crystallization (Ostwald-Miers region). During the crystal
growth process, which is accompagnied by a first order phase transition latent heat is released
upon formation of the new crystal lattice. To provide suitable growth conditions not only
a material transport towards the growing crystal but also a heat and a flux transport away
from the growth front have to be supported. A molecular model proposed by Kossel and
Stranski [31, 32] states the following: Consider a flat lattice plane, where atoms get attached
on and are dissolved from frequently. The possibility that an atom stays attached to this
surface is low. In the crystal growth process this is the slowest step which determines the
growth velocity. Ones a first atom stays attached to the surface permanently, the subsequent
completion of the lattice plane is fast. Due to this mechanism, the crystal reproduces its
morphology with flat faces. Faces with the lowest growth velocity are those with the largest
energy of the nucleus formation on the respective surface. They determine the habitus of
the (ideal) single crystal in the sense that fast growing faces die out.
According to the general definition which includes quasicrystals, a single crystal is a set of
atoms which generates sharp reflections in a scattering experiment. The lattice of an ideal
single crystal (excluding quasicrystals) is formed by a periodic repetition of a set of atoms
which are part of the unit cell. The unit cell is fully described by the lattice vectors and
the angles inbetween. In this thesis, crystals from Bridgman or box-furnace experiments
with a minimum edge length of 1 mm are referred to as single crystals, conglomerates of
smaller ones as polycrystals. By Czochralski growth, large samples can be obtained. These
are referred to as single crystal if more than 80% of the sample belongs to one single crystal
grain with a misalignment below 1◦ determined by Laue analysis. Otherwise, the sample is
called polycrystalline. The aim of the crystal growth experiments is not only to obtain large
single crystals but also to minimize the emerging crystal defects.
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Figure 1.1: Yb-Ni-P phase diagram, isothermal section at 870 K (after Kuz’ma et al. [33]).
The black circles indicate stable phases at 870 K. The blue solid circle marks the composition
from which YbNi4P2 was grown in the frame of this thesis. The solidus and liquidus tem-
peratures, associated with the binary border systems are summarized in [29]. The eutectic
of the composition Ni81P19 is labelled by ”E”. The dashed blue line indicates the path of
the crystallization in the growth experiments.

1.1.2 Ternary intermetallic compounds and phase diagrams

In contrast to binary intermetallic systems where the phase diagrams are known in many
cases, only for some of the three-component systems isothermal sections of the respective
phase diagram are reported. As an exemplary system, the Yb-Ni-P phase diagram is dis-
cussed here. For this system, an isothermal section at 870 K of a phase diagram was reported
bei Kuz‘ma et al. [33] which is depicted in Fig. 1.1. In samples, used in their study which
were annealed in closed ampoules at 870 K, there exist 12 binary and 7 ternary known stable
phases besides the elements. In an isothermal section, several triangular regions are marked
(thin solid black lines). The corners of these three-phase triangles show the three coexisting
phases in samples with a total composition located inside the respective triangle. It is not
known which are the congruently melting compounds among the reported ternary phases
but it is known from preliminary work that YbNi4P2 which is marked by a red circle in the
phase diagram is an incongruently melting compound. It was found that this phase can be
grown from an off-stoichiometric composition in a closed Ta crucible using the eutectic with
the composition of Ni-Ni3P as the flux [14]. It turned out that it is also possible to use
the same starting composition for the growth from a levitating melt using the Czochralski
method. The starting composition corresponds to an YbNi4P2 : Ni81P19 ratio of 1:1 and is
marked by a blue solid circle in Fig. 1.1. The open circle marks a composition from which
YbNi4P2 can also be grown [14]. In growth experiments using the marked compositions (blue
circles) with T > 1100 ◦C and p = 20 bar, the resulting phases were YbNi4P2, Ni3P and Ni
while YbNi11P4 (phase 6) did not occur.
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The liquidus line of a binary system corresponds to a liquidus surface in a ternary phase
diagram and the binary solidus line to a surface of all solidus points in the ternary diagram.
In such a phase diagram, the coexistence of two solid phases in the melt appears as an
eutectic line corresponding to an eutectic point in a binary diagram. A ternary eutectic
is a distinct temperature point in the phase diagram where three solid phases coexist with
the ternary eutectic liquid. Such a ternary eutectic has a low melting point and is thus an
excellent flux to grow the neigbouring phases from. For the Yb-Ni-P phase diagram, the
surfaces of all liquidus and that of all solidus points are unknown. The starting composition
used in our experiments is in the liquid state above T = 1285 ◦C. Upon cooling between
1285 ◦C and TE = 875◦C [34] no other phases than YbNi4P2 and the Ni-Ni3P eutectic form.

1.2 Crystal growth methods

In this section, the different crystal growth methods that were used in this work are intro-
duced in general. An overview about the methods which were applied to grow the different
compounds, is shown in Tab. 1.1. A more detailed description of the growth conditions can
be found in the section for each compound separately in the following chapters.

1.2.1 Ln-compounds: Crystal growth from flux

Growing crystals of Yb compounds containing transition metals (like Fe, Ni, Rh or Ru)
means dealing with the high vapour pressure of the first and the high melting temperature
of the latter. For the crystal growth of Ln compounds therefore often a flux method at high
temperatures is applied. By using a flux it is possible to solve the high-melting elements
as well as the elements with low boiling points and obtain a melt with a moderate vapour
pressure which is suitable for the growth. A good overview about the use of metallic fluxes
is given in [35–37]. In the past, the flux method has been successfully applied for the growth
of Ln compounds using indium, tin or lithium as flux [37–41]. In some cases, the use of a
solvent leads to the formation of unwanted phases, in this regard the use of a self-flux can be
more successful. Even when using a flux, the growth temperature often exceeds 1200◦C. Due
to the highly volatile and reactive constituents the growth usually is performed in a closed
niobium or tantalum crucible. Another attempt is the application of inert gas pressure during
the growth. Due to its high reactivity, reports on the growth of phosphorous containing
bulk single crystals are rare. Binary phosphides have been grown by a liquid-encapsulated
Czochralski method (InP [42],[43]), by chemical vapour phase transport (CuP2 [44]) or under
high pressure (CoP3 [45]). Ternary phosphides have been grown in a closed crucible from
tin flux (LnRu2P2[37, 46]) or by applying the Bridgman method in combination with the
accelerated crucible rotation technique (ACRT) (ZnGeP2 [47]). After a growth experiment
from flux, the flux has to be removed either by etching, by centrifugation or by pulling the
crystal out of the flux in case of the Czochralski method.

1.2.2 Synthesis and crystal growth in a box furnace

Sample synthesis, prereactions and crystal growth experiments were performed in a box
furnace in air (Nabertherm L5/G19, Nabertherm L5/S) or in a box furnace where a pro-
tective Ar atmosphere is available (Linn). In both devices, temperatures up to 1100◦C can

8



Basic concepts 1.2. CRYSTAL GROWTH METHODS

Crystal growth methods

| |

without temperature gradient with temperature gradient

| | |
box furnace (Nabertherm, Linn) tube furnace (GERO) high frequency

furnace (ADL)

| | |
Bridgman growth Czochralski growth

T < 1100◦C T < 1600◦C T < 1600◦C

closed system, no seed closed system, no seed open system, seed

| | | |

stoichiometric off
stoichiometric

(flux)

off stoichiometric
(flux)

off stoichiometric
(flux)

| | | |
LuNi4P2 CeRuPO YbNi4P2 YbNi4P2

LaRuPO CeFePO YbRh2Si2 YbNi4(P1−xAsx)2

CeRuPO

CeFePO

Ce(Ru1−xFex)PO

SmRh2Si2

GdRh2Si2, HoRh2Si2

GdIr2Si2, HoIr2Si2

Table 1.1: Overview about the crystal growth methods applied in the experiments.
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be achieved. Usually the experiments are performed using quartz ampoules as crucible ma-
terial. In cases where the occurrence of a high pressure during the experiments due to the
evaporation of the educts is expected, it is crucial to use niobium or tantalum as the crucible
material. The use of quartz ampoules in these cases would lead to the explosion of the am-
poule. The use of metallic crucibles requires the application of a protective atmosphere. In
a box furnace, the temperature gradient is small and cannot be influenced therefore in many
cases the obtained single crystals are small since nucleation starts in the crucible at different
places at the same time. The use of a seed usually is not possible in such experiments since
it is dissolved by the melt.

Ar

crucible/
ampoule

heating
system

melt
crystalline
material

thermocouple

Al2O3 tube
Al2O3 sample holder 
with platform

(a)                     (b)                                                          (c)

Po
sit

io
n

Temperature

Ar

Figure 1.2: Bridgman technique: The sample is moved through a temperature gradient (a)
by lowering the ampoule (b) (after [28]). The setup used in this work is depicted in (c).

1.2.3 Bridgman technique

The Bridgman technique often is used to grow single crystals of congruent melting materials.
In the conventional Bridgman technique, shown in Fig. 1.2 (a, b), the crystallization of
a sample is controlled by moving an ampoule which contains the molten educts through
a temperature gradient. The ampoule is moved from the hotter to the colder zone of a
tubular furnace. During cooling, a growth front between melt and solid forms, where the
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crystallization takes place. The disadvantage of this method is the direct contact of the
material with the crucible which causes strain and defects in the grown single crystal.

In this work, a modified Bridgman method was applied for the growth experiments
of YbNi4P2, LnRh2Si2 and the series CeRu1−xFexPO in a vertical resistive furnace (GERO
HTRV70250/18) in which a maximum temperature of 1600◦C was used. A typical temperature-
time profile is shown in Fig. 3.2. In our experiments, the crucible is placed on a sample holder
which remains on a fixed position, Fig. 1.2 (c). To achieve crystallization, the furnace is
moved upwards. This setup is advantageous since the furnace is decoupled from the sample
holder and the sample does not experience vibrations due to the motion of the furnace. A
flow of argon through the growth tube was present (≈ 150 ml/min) in the experiments which
prevented oxidation of metallic crucibles and provided an additional cooling at the bottom
of the crucible. The ternary and quarternary materials do not melt congruently, therefore
flux growth was performed. For YbNi4P2 a Ni-P self-flux, for the LnRh2Si2 compounds an
indium flux and for the series CeRu1−xFexPO tin flux was used. In an ideal growth ex-
periment, solidification should start at the coldest point, the tip at bottom. Afterwards,
the crystal should grow from the tip. Ideally, this should prevent further nucleation in the
crucible. But in the experiments the formation of many small crystals was observed. An
explanation for this could be the constitutional undercooling of the melt. An improvement
of the mixing of the melt e.g. by rotating the crucible could prevent the undercooling. In
these experiments it is not possible to use a seed in the present set up since the cooling at
the lower part of the crucible is not strong enough to avoid that the seed is dissolved by the
melt. A disadvantage of this method is that, like in box furnace experiments, the growth
can not be directly observed since it is performed in a closed crucible (closed system).

1.2.4 Czochralski technique

The Czochralski method was applied to grow large single crystals of the YbNi4(P1−xAsx)2

series from an off-stoichiometric solution (self-flux). The growth experiments were performed
in a commercial ADL (Arthur D. Little) growth chamber including pulling heads equipped
with a high-frequency generator (Hüttinger) that provides a maximum power of about 30 kW.
The maximum temperature was ≈ 1600◦C during the homogenization period. The temper-
ature was measured with an IRCON pyrometer. In our setup, Fig. 1.3, it is possible to grow
single crystals from a levitating melt. The melt levitates in a magnetic-field gradient estab-
lished by a high-frequency field and enhanced by the special shape of a Hukin-type crucible.
Due to the high vapour pressure of the educts Yb, P, As, an argon pressure of 20 bar was
applied. Usually, the growth experiments consisted of several steps: the preparation of the
precursor, the homogenization and the growth. The preparation of the precursor was done
in a box furnace. Here, the process was optimized such that the reaction was performed at
comparably low temperatures (≈ 900◦C) to avoid the reaction with the crucible material.
The prereacted material consisting of nickel phosphides, ytterbium phosphides and ternary
Yb-Ni-P compounds subsequently was placed in the crucible of the high-frequency furnace
and homogenized by increasing and reducing the power up to 10 times. By observing the
melt directly through the window of the growth chamber it is possible to see whether the
material is solid or liquid. For each composition, the liquidus and solidus temperature can
be determined as shown in Fig. 2.7. The seeding was usually done at a temperature ≈ 50◦C
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H2O

water cooled 

  pulling rod

  seed holder

             seed

single crystal

levitating melt

RF coil

cold 

copper crucible

H2O

Figure 1.3: Czochralski technique. Left: Schematic drawing of the setup for the Czochral-
ski growth experiments. Right: Czochralski growth from the levitating melt: The
YbNi4(P1−xAsx)2 crystals were grown from a levitating melt. The arrow marks the pulling
direction of the seed (2) in the seed holder (1). The meniscus (4) marks the border between
the grown sample (3) and melt (5) levitating in a cold copper crucible (6). Figure (under
CCA 3.0 licence) taken from [48].

above the liquidus temperature. A pulling rate of about 0.2 mm/h was chosen which leads
to a duration of 3-4 days for one growth.

This method in the present setup has several outstanding advantages compared to the
other methods described above: (1) It is possible to use a seed, (2) the orientation of the
crystal to grow can be predetermined by using a seed which is cut in a certain orientation,
(3) the process can be directly observed and influenced in situ (open system) (4) the growth
can be performed from a levitating melt which supports the growth of pure crystals and (5)
the single crystal is pulled out of the flux and is separated from the flux in situ. An elaborate
centrifugation step is not needed.

1.3 Structural and chemical characterization

In this section, the methods are described which were applied for the structural and chemical
characterization of the materials. The crystal structure was confirmed by powder x-ray
diffraction (PXRD), Sec.1.3. The chemical composition was analyzed by energy-dispersive
x-ray spectroscopy (EDX) described in Sec. 1.3 and the orientation of the single crystals was
determined by x-ray Laue backscattering as shown in Sec. 1.3.
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Powder x-ray diffractometry

In a three-dimensional crystal, the atoms of the crystal lattice form parallel lattice planes
with distance d. The angle between an incident monochromatic x-ray beam with wavelength
λ and a lattice plane is denoted by θ. Bragg’s Law states, that constructive interference
occurs, if the condition nλ = 2d sin θ is fulfilled for any integer n. Powder diffraction patterns
contain several characteristic information about the structure of a crystalline material: From
the angle under which the reflection in the pattern occurs one can calculate the lattice
parameters and determine the possible crystal system. The reflection intensity is connected
to the structure factor of the atoms in the unit cell. The reflection broadening can be used
to estimate crystallite size, and the background in the pattern contains information about
the fraction of the amorphous phase. Each reflection in a powder diffraction pattern of a
material belongs to a set of lattice planes indicated by the Miller indices (hkl).

In this work, PXRD was done to confirm the growth of crystals with the desired structure,
to exclude the formation of impurity phases and to determine the lattice constants. The
powder diffraction patterns were recorded on a diffractometer with Bragg-Brentano geometry
(Bruker AXS D8, reflection) or on a Guinier diffractometer (Seifert, transmission) at room
temperature. The characteristic x-rays used for measurements were the lines of copper
Kα1 = 0.1540598 nm and Kα2 = 0.1544426 nm (Bruker AXS D8) and of molybdaenum
Kα1 = 0.709300 nm and Kα2 = 0.713590 nm (Guinier). The Kβ line was filtered off by a
nickel foil. The reflection positions were refined with GSAS (General Structure Analysis
System [49]).

Scanning electron microscopy (SEM) and
energy-dispersive x-ray spectroscopy (EDX)

By scanning electron microscopy (SEM) an image of the surface of a sample can be created
while by EDX the elemental composition of the surface can be determined. The sample
is scanned by an electron beam which is emitted by a heated tungsten cathode. Between
this primary beam and the sample surface several interactions take place. The elastically
back scattered electrons and the inelastically scattered secondary electrons are used for
imaging. In the obtained images from polished surfaces, a phase contrast can be seen since
the scattering cross section of the elastically back scattered electrons is the higher the higher
the atomic number of an element. The chemical analysis of a sample is done analyzing
the energy spectrum of the emitted characteristic x-rays. In this work, a scanning electron
microscope, Zeiss DSM 940 A, with an additional energy dispersive detector (EDX, EDAX R©

Ametek GmbH) was used. All measurements were performed with an accelerating voltage
of 30 kV. The precision of the chemical-composition analysis is about 1-3 atomic percent
and depends on the atomic number.

Laue backscattering method

The Laue method is used to determine the orientation of a single crystal relative to an x-ray
or neutron beam. Addionally, the shapes of the obtained reflections give information on
the crystallinity of the single crystal. Scattering processes are described in the momentum
space. The wave vector of the incident beam is denoted by ~k0, and of the reflected beam by
~k. The incident beam is scattered by the lattice planes of the crystal. The Laue condition for
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constructive interference ~Ghkl = ~k − ~k0 has to be fulfilled, which means, that the scattering
vector ~k− ~k0 has to be equal to a vector of the reciprocal lattice. For a periodic arrangement
of atom groups the vectors ~G = h~g1 + k~g2 + l~g3 of the reciprocal lattice are determined by
ei
~R~G = 1 with the vector ~R of the direct lattice. Each point in a Laue pattern corresponds

to a set of lattice planes denominated by the Miller indices (hkl).
In this work, Laue patterns were recorded using an x-ray equipment ”Micro 91” (Müller)

with tungsten anode. The 12 keV electrons produced a beam consisting of Bremsstrahlung
with a beam diameter of about 0.5 mm. The time of exposure of the image plates to the
x-ray beam was between 3 to 15 min for each measurement. The analysis of the images was
done with the software ”Orient Express” [50].

Some of the large single crystals of the YbNi4(P1−xAsx)2 series have been investigated by
O. Stockert (Max-Planck-Institut für chemische Physik fester Stoffe Dresden (MPI CPfS))
using neutron Laue backscattering. The respective measurements have been performed at
the Institute Laue Langevin Grenoble (ILL). The advantage of using neutrons is that their
penetration depth into the material is in the cm range while with x-rays it is only possible to
investigate some µm below the surface. With a pinhole diameter determining the incident
neutron beam of 6 mm and a distance between film and crystal of 5 cm it is not possible to
detect small misaligned grains. The Laue pattern obtained by this method show sharp Laue
spots if the main part of the crystal belongs to the same grain.

1.4 Properties of lanthanide compounds

The elements of the Ln series in the periodic table are characterized by an increasing number
n of electrons in the 4f shell for increasing atomic number accompagnied by a decrease in
their radii (Ln contraction). This phenomenon is caused by the increasing nuclear charge
which leads to an attractive force on the electrons of the outer shells. These elements
have the electronic configuration [Xe]4fn5d6s2 and give their 5d and 6s valence electrons
to the conduction band when they are part of a solid. In most of the Ln compounds
investigated in this work, the valence of the Ln ion is near 3+ which leads to an odd number
of unpaired spins such that these compounds are magnetic. The investigated compounds in
this thesis are the Ce and Yb based Kondo-lattice systems YbNi4P2, YbRh2Si2 and CeRuPO
which are presented in Chapters 2, 3 and 4. Their magnetic moments are screened by the
conduction electrons (Kondo effect) which leads to very low ordering temperatures - in the
Yb compounds of only several millikelvins. The magnetic interaction, the RKKY interaction,
between the local magnetic moments is indirect and mediated by the conduction electrons
[51–53]. The low lying antiferromagnetic or ferromagnetic ordering temperatures of these
compounds allow for tuning them to an (AFM or FM) QCP using a control parameter
like pressure, magnetic field or doping (chemical pressure). Furthermore, Sm, Gd and Ho
compounds of the LnT2Si2 (T = Rh, Ir) structure which do not show the Kondo effect are
characterized in this thesis (Chapter 5).

1.4.1 Crystal electric field and Kondo effect

In the temperature range T = 2 − 300 K, the CEF as well as the Kondo effect influence
many of the investigated quantities like magnetization, electrical resistivity or specific heat
capacity. We therefore give a brief overview on these topics.
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Ground state of ions in a crystal electric field

The orbitals of a Ln ion with different orbital angular momentum ~̂L and different energies

couple to the spin ~̂S of the ion. The spin-orbit coupling yields a total angular momentum ~̂J =
(Ĵx, Ĵy, Ĵz) with the quantum number J which takes values according to |L−S| ≤ J ≤ L+S.
The splitting energy between levels of different J is of the order of ∆ESO ≈ 100 meV. The
degeneracy of a J multiplet is 2J + 1. For a Ce3+ ion, for instance, the splitting between the
ground state multiplet (J = 5/2) and the first excited multiplet level (J = 7/2) is ≈ 300 meV
[54], while this energy difference is smaller for a Sm3+ ion (≈ 134 meV) [55]. In the solid,
the Ln atoms give their valence electrons to the conduction band and can be considered as
ions. They are surrounded by neighbouring ions which cause an electrostatic potential at
the site of each Ln ion. Since in general this potential is not spherical symmetric it leads
to an anisotropy in the magnetic properties of the respective compound. In the presence of
this CEF, the degeneracy of each J multiplet is lifted and the energy difference between the
CEF levels is ∆ECEF ≈ 10 meV. This is much smaller than ∆ESO since the wave functions
of the 4f electrons are spatially less extended than the more extended wavefunctions of the
5d and 6s valence electrons. The combination of quantum numbers L, S that minimizes the
energy and belongs to the ground state can be found by applying Hund’s rules, see Tab. 1.2.
Kramers theorem which states that for an odd number of electrons in the 4f shell the ground
state is at least two-fold degenerate (doublet state) is applicable for e.g. Ce3+ and Yb3+.
Ce3+ (4f 1 configuration) and Yb3+ (4f 13 configuration) are socalled ”Kramers ions” due to
their odd number of electrons. In the presence of an applied magnetic field, the degeneracy
of the ground-state doublet is lifted. The splitting energies for laboratory magnetic fields of
about 10 T are about one order of magnitude smaller than the CEF splitting. How the CEF
acts on the charge distribution of the 4f wave function in cubic or tetragonal environments
was calculated for different Ln ions and is illustrated in [56]. An introduction to the topic of
the crystal electric field effects can be found in [54, 55]. The theoretical description of the
CEF effect usually is done using the Stevens-operator formalism [57] but for a real solid it is
not possible to calculate the splitting energies caused by the CEF without using experimental
input. The crystal electric field causes an anisotropy of the charge distribution in the solid
and effects on different measured quantities can be found.

The splitting of the J multiplet in the presence of the CEF is small (10 meV ≈ 100 K)
and therefore usually the full effective magnetic moment of the J multiplet is obtained at
elevated temperatures. The effective magnetic moment can be calculated according to

µtheo
eff = gJ

√
J(J + 1)µB, gJ = 1 +

J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
(1.2)

and determined experimentally from the slope of the linear fit to the inverse magnetic sus-
ceptibility for temperatures higher than 200 K. Below, CEF effects have strong influence on
the magnetization.

Dilute Kondo systems

Dilute Kondo systems show a characteristic behaviour of the electrical resisitivity. In these
systems, the magnetic moments are impurities in the crystal, with stochastic occurrence
of low concentration in the host material. The effect was studied experimentally in noble
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Ln3+ shell S L J d gJ µtheo
eff [µB]

Ce3+ 4f 1 5/2 5 5/2 6 fold 6/7 2.54

Sm3+ 4f 5 5/2 5 5/2 6 fold 2/7 0.85

Gd3+ 4f 7 7/2 0 7/2 8 fold 2 7.94

Ho3+ 4f 10 2 6 8 17 fold 5/4 10.6

Yb3+ 4f 13 1/2 3 7/2 8 fold 8/7 4.53

Table 1.2: Configuration of the 4f shell for selected Ln3+ ions, S, L, J quantum numbers of
the state with minimal energy according to Hund’s rules and degeneracy d of the J multiplet
(2J + 1). The effective magnetic moment was calculated according to Eqn. 1.2 where gJ is
the Landé factor.

metals, in which magnetic impurities were introduced [3]. In these systems, the spins of
the conduction electrons interact with the magnetic moment of the impurity by spin-flip
scattering. This gives an additional contribution to the specific electrical resistivity, and
leads to a logarithmic increase of the resistivity at low temperatures. Jun Kondo deduced
in fundamental work [58], that the electrical resistivity shows a minimum and increases
logarithmically at lower temperatures. He treated the spin-flip scattering on magnetic im-
purities by pertubation theory and found in each order logarithmic divergencies, which had
to be renormalized. In metals with magnetic impurities, he expected the behaviour of the
resistivity to be

ρ(T ) = aT 5 + cρ0 − cρ1 lnT, (1.3)

where c is the concentration of the magnetic impurities, ρ0 is the residual resistivity and ρ1

is a positive constant. The aT 5 term includes the phonon contribution of the lattice, while
an additional contribution taking into account the e-e scattering was not included into the
model. This leads to a minimum in the resistivity at the Kondo temperature

TK =
(cρ1

5a

) 1
5

(1.4)

and a logarithmic increase of the resistivity for temperatures below TK . The Kondo temper-
ature TK , is the energy difference between the Kondo singlet and triplet state

∆E = kBTK .

The specific heat capacity of a dilute Kondo system was derived by Schotte and Schotte
[59]. The Kondo temperature TK , can be determined from the entropy S and is twice the
temperature when S of the two level system consisting of the spin singlet and spin triplet
states has the value

S| 1
2
TK

=
1

2
kB ln 2.
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Kondo-lattice systems

The Kondo-lattice effect has been reported in many compounds where Ce or Yb act as
scattering centers. In contrast to dilute systems where the Kondo screening acts on single
impurities (”single ion” effect), the system forms a Kondo lattice if the magnetic moments are
arranged periodically [60]. CeAl3 was the first system where this effect was studied [61, 62].
The crossover from a dilute Kondo system to a Kondo-lattice system was investigated by
electrical transport measurements in the series CexLa1−xCu6 by Sumiyama et al. [63]. For
low Ce concentrations the system behaves like a dilute Kondo system and turns into a
Kondo-lattice system for high Ce content. When lowering the temperature, the electrical
resistivity of a Kondo-lattice system decreases, runs through a minimum, increases, and after
reaching the maximum, it drops down rapidly. The shape of the peak varies from material
to material and depends on the crystal orientation. The coherent Kondo scattering leads to
an enhanced density of states (DOS) at the Fermi level D(EF ). This can be quantified as
an effective mass m∗ of the charge carriers which founded the terminology ”heavy-fermion
systems”.

The Kondo-lattice temperature T ∗K , usually is determined from the entropy in analogy
to the single ion Kondo temperature TK . T ∗K , is twice the temperature when the entropy S
of the two niveau system consisting of the spin singlet and spin triplet states has the value

S| 1
2
T ∗
K

=
1

2
kB ln 2.

The entropy S can be obtained from the magnetic part of the specific heat Cmag(T ) via

S =

∫
Cmag

T
dT.

Furthermore, the width at half maximum of the enhanced density of states at the Fermi
level (Abrikosov-Suhl resonance) is connected to the Kondo temperature T ∗K [64].
In the solid, the CEF is present. At low temperatures due to the Kondo effect, the lowest
lying CEF doublet state hybridizes with the spin of a conduction electron. It splits up to
a singlet ground state and a triplet state with higher energy. The singlet ground state is
non-magnetic.

1.4.2 Ruderman-Kittel-Kasuya-Yosida (RKKY) and Kondo inter-
actions

Localized magnetic moments in a lattice interact with each other indirectly via conduction
electrons. This interaction, was first described by Ruderman and Kittel, Kasuya and Yosida
[51–53]. It is therefore called RKKY interaction and leads to a magnetically ordered state. If
the ground state presents FM or AFM order depends on the distance between the magnetic
moments R12 and the Fermi wave vector kF . The interaction energy is

JRKKY(x) =
1

x4
(x cosx− sinx), (1.5)

with x = 2kFR12. Sebastian Doniach suggested the following theoretical approach for a
1D system [65]: In intermetallic rare earth compounds RKKY and Kondo interaction are
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competing interactions. The binding energy of a Kondo singlet is

WK(J) ∝ 1

D(EF )
e
− 1
D(EF )J (1.6)

and that of the RKKY antiferromagnetic state is

WAF (J) ∝ CJ2D(EF ), (1.7)

where D(EF ) is the density of states at the Fermi level of the conduction electrons and
C is a dimensionless constant depending on details of the band structure. Which of both
interaction dominates, depends on the exchange coupling J between the magnetic moments
and the conduction electrons. Sometimes J is called hybridization strength. The relevant
energies were compared by S. Doniach with each other for a one-dimensional Kondo lattice
using the model of the linear chain. Doniach assumed that D(EF ) is constant. He also
identified a critical value JC of the hybridization strength J where both interactions are
equal. For the critical hybridization strength JC quantum critical behaviour is proposed to
occur. In real systems, J as well as D(EF ) are material properties and can be varied by a
control parameter r like magnetic field, hydrostatic or chemically induced pressure. Doniachs
proposal can be directly adapted to real systems only if D(EF ) stays constant.

Chemically induced pressure

Physical properties of compounds are frequently studied under applied hydrostatic pressure.
Alternatively, the lattice parameters can be changed by substitution of elements (chemical
pressure). The application of pressure can have a large influence on the ground state of the
respective compound. Hydrostatic pressure or the application of positive chemical pressure
by a substitution of atoms by smaller ones yields a compression of the lattice. This leads to
the suppression of a magnetic order in Ce compounds by stabilizing the non-magnetic Ce4+

but to the enhancement of the magnetism in Yb compounds by stabilization of the magnetic
Yb3+ state.

In this work, the effect of substitution has been investigated in several series of com-
pounds. In the series Ce(Ru1−xFex)PO, the FM order was suppressed by substituting Ru
by the smaller Fe. In the substitution series YbNi4(P1−xAsx)2 phosphorous is replaced by
the larger arsenic and thus, the system can be tuned towards the FM QCP. In YbRh2Si2,
Rh can be replaced by the larger Ir to tune the system towards the AFM QCP. It has
been found in the past that a substitution of 6% of the Rh atoms by Ir yields a volume
increase which leads to the suppression of the magnetism in this compound [66]. The con-
trary can be achieved by Co substitution. The substitution of 7% of the Rh atoms by Co
yields a volume decrease leading to the stabilization of the AFM order [67]. For x = 0.27
in Yb(Rh1−xCox)2Si2 ferromagnetism appears [68] and the evolution of the magnetism upon
doping in the complete system was studied by Klingner et al. [69].

1.4.3 Experimental investigations of electronic correlations

An introduction into the basics of the topics which are summarized below can be found
in standard textbooks [70–73]. In the past, several models have been proposed to describe
the transport and thermodynamic properties of metals. In the frame of the Drude model,
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electrons are treated as non-interacting point charges obeying the Maxwell-Boltzmann dis-
tribution. This model is suited to describe transport properties of metals. The electronic
transport properties of metals are determined by the electrons near the Fermi level since
only these electrons can become thermally excited. To model the specific heat, the Pauli
principle has to be taken into account by including the Fermi-Dirac statistics additionally.

For non interacting free fermions in a cube, the density of states depends on the energy
by

D(E) = 2
V

4π2

(
2m

~2

) 3
2 √

E,

where m is the fermion mass, and V the volume of the cube. The Fermi energy is

EF =
~2

2m
(3π2ne)

2
3 ,

with the density of electrons ne. The density of states at the Fermi level

D(EF ) =
V

π2~2

(
3π2ne

) 1
3 m (1.8)

is proportional to the mass of the fermions.
If the electrons exist in a periodic potential like in the potential caused by the atoms in

a solid, the DOS at the Fermi level is modified compared to that given by a free-electron
model. To account for the periodic potential, an additional pertubation was included by
Bloch resulting in the ”nearly free electron model”. He proposed that electrons, described
as ”Bloch waves”, exist in energy bands and have a renormalized mass m∗. In real metals
strong interactions, like the Coulomb interaction, between the electrons exist. These inter-
actions, have been included in the phenomenological Landau-Fermi liquid theory resulting
in a modification of the electronic bands [74].

Specific heat

For T � Θ, the specific heat of metals is given by

C(T ) = γ0T + βT 3. (1.9)

The Sommerfeld coefficient

γ0 =
π2

3
D(EF )k2

B, (1.10)

with the DOS at the Fermi level D(EF ) is characterizing the electron contribution, and

β =
12π4Rs

5Θ3
(1.11)

characterizes the phonon contribution according to the Debye-model, where Θ is the De-
bye temperature and s the number of atoms per formula unit [75]. The electronic and the
phononic contribution can be separated by plotting C/T as a function of T 2. In metals
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showing weak correlation effects, values of γ0 between 0.6 and 3 mJ/(molK2) are found ex-
perimentally. In Kondo lattice systems, C/T increases, when the temperature goes to zero.
Experimentally, values for γ0 between 1000 and 2000 mJ/(molK2) are found. The Sommer-
feld coefficient γ0 is proportional to the effective mass m∗ of the electrons (cf. Eqn. 1.8).
with the charge carrier density ne. The charge carrier density ne can be obtained experi-
mentally by Hall effect measurements. By experimental methods, values that are found for
the effective mass are up to 2000 times larger than the mass of a free electron.

Resistivity

In the frame of the single-electron approximation one considers an electron in the periodic
potential of all lattice atoms. The electrons are described by the Bloch functions which are
solutions of the stationary Schrödinger equation

ψk(~r) = uk(~r) · ei
~k~r, (1.12)

where ei
~k~r are the plane waves and uk(~r) is a modulation function with the periodicity of the

lattice. In a perfect crystal with zero temperature, the potential of the lattice is perfectly
periodic and time independent. An electron would stay in the state ψk(~r) forever and the
resistivity is zero. In a real crystal with finite temperature, the electrons are scattered by
phonons ρph(T), crystal defects ρ0, electron-electron interactions ρee(T), and on magnetic
centers ρmag(T) (Kondo scattering).

In metals with weak electron-electron interaction, the main contributions to the scattering
of the electrons are caused by crystal defects and phonons. Therefore the resistivity can be
written according to Mathiessen‘s rule as

ρ(T ) = ρ0 + ρph(T ). (1.13)

Crystal defects are point defects, like impurities on regular lattice or interstitial sites, dis-
locations of the crystal lattice, like line or screw dislocations, and lattice defects like grain
boundaries and stacking faults. Their contribution to the resistivity ρ0 still exists and can
be observed at zero temperature when other contributions are negligible. The phonon con-
tribution to the resistivity is expressed by the Bloch-Grüneisen relation

ρph(T ) = Aph
(
T

ΘD

)5

ΘD
T∫

0

x5

(ex − 1)(1− e−x)
dx, (1.14)

where Aph is a material dependent constant and ΘD is the Debye temperature. For high
temperatures T � ΘD, the resistivity is proportional to T and in the low temperature limit
T � ΘD the resistivity runs with T 5.

In the frame of the phenomenological Landau-Fermi liquid theory [74], the excitations of
the electron gas in a metal are described as excitations of quasiparticles in a corresponding
FL. These quasiparticles have the same spin and the same charge as the electrons but a
different effective mass m∗. The effective mass is proportional to the DOS at the Fermi
level in the original Fermi gas. Predicted by the Landau FL theory, the electron-electron
scattering yields an additional contribution

ρee(T ) = AT 2, (1.15)
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to the resistivity, where A is a material specific constant. Approaching zero temperature,
when the T 5 contribution of the phonons becomes small, the T 2-behaviour is observable.
This T 2 dependence of the resistivity stems from the scattering of the heavy fermions off the
FL [60, 71]. In particular, in heavy-fermion compounds, these interactions play a significant
role, due to the enlarged effective mass m∗, taking into account the fact, that A ∝ (m∗)2.

Kadowaki-Woods ratio

In 1986, Kadowaki and Woods observed experimentally [76], that for heavy-fermion systems
the ratio of the resistivity coefficient A according to Eqn. 1.15 and the Sommerfeld coeffi-
cient of the electronic specific heat γ0 according to Eqn. 1.10 at zero temperature (with the
exception of UBe13) takes a universal value of

A

γ2
0

≈ 10 µΩcmK2mol2J−2 (1.16)

without providing a theoretical model. This ratio is one order of magnitude larger than
that of for common d-band metals. Recently, Jacko et al. gave a generalized explanation
for a large number of compounds including heavy-fermion systems, UBe13 as well as d-band
metals by rewriting the ratio according to

A

γ2
0

=
81

4π~k2
Be2

1

ξ2nD2
0〈v2

0x〉
(1.17)

with the calculated quantities: model parameter ξ, electron density n, DOS of the bare
system D0 and the square of the Fermi velocity 〈v2

0x〉 with respect to the bare electron mass
averaged over the Fermi surface [77].

Curie-Weiss law

In general, the magnetization ~M := ~M/V is defined as magnetic moment ~M per volume

V. In an external field ~H, the magnetic moments of an ideal paramagnetic sample align
in the direction of the field. In a real material, the magnetic induction ~B is given by
~B = µ0( ~H+ ~M). For small external magnetic fields H, the magnetizationM = χVolH+ · · ·
is proportional to H. The proportionality factor χVol is called magnetic susceptibility. In
anisotropic solids, χVol depends on the orientation of the crystal and in general ~M is not
parallel to ~H. For the paramagnetic contribution to the volume susceptibility of localized
electrons, the relation

χVol(T ) =
N

V

µ0J(J + 1)(gJµB)2

3kBT
(1.18)

with the Landé g-factor

gJ = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
(1.19)

can be derived for small fields and high temperatures [78]. In this equation, J is the quantum
number for the total angular momentum of the electrons, N is the number of independent
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atoms in the volume V , µ0 is the vacuum permeability, µB is the Bohr magneton, kB is the
Boltzmann constant, and T the temperature. In a paramagnetic solid, the susceptibility
exhibits Curie-Weiss behaviour:

χmol(T ) = NA
µ0µ

2
eff

3kB︸ ︷︷ ︸
=:Cmol

1

T − θW

. (1.20)

The inverse susceptibility is

χ−1
mol(T ) =

T − θW

Cmol

= − θW

Cmol

+
1

Cmol

T, (1.21)

with the Weiss temperature θW. Experimentally, the effective magnetic moment µeff of the
Ln3+ ions in e.g. LnRh2Si2, LnIr2Si2 or in YbNi4P2 can be obtained from the measurement
of the temperature dependent magnetization. From the slope of the linear fit of the inverse
molar susceptibility dχ−1

mol/dT = 1/Cmol the Curie constant Cmol can be determined. The
effective magnetic moment and the Weiss temperature can be determined according to

µeff =

√
3kB
µ0NA

Cmol and χ−1
mol(T = 0) = − θW

Cmol

. (1.22)

Pauli susceptibility

In the frame of the nearly free electron model, not only the Sommerfeld coefficient γ0,
Eqn. 1.10, but also the temperature independent magnetic susceptibility χ0 depends on the
DOS at the Fermi level

χ0 = µ0µ
2
BD(EF ) (1.23)

with the vacuum permeability µ0 and the Bohr magneton µB.

Susceptibility in Kondo-lattice systems

At high temperatures, Kondo lattice compounds exhibit Curie-Weiss behaviour due to their
localized 4f moments. In the intermediate temperature regime, the CEF affects the sus-
ceptibility. Additionally, the moments become screened by the conduction electrons (Kondo
effect). The susceptibility flattens and becomes constant for T � T ∗K with a value χ0 for
T → 0. Assuming that the 4f moments are completely screened, the remaining susceptibil-
ity is the Pauli susceptibility χ0 of heavy fermionic quasiparticles. It can be predicted using
Eqn. (1.10) and Eqn. (1.23) and the deviation from the nearly-free electron-behaviour can
be quantified by the Sommerfeld-Wilson ratio.

Sommerfeld-Wilson ratio

The ratio of the susceptibility in the limit T = 0 and the Sommerfeld coefficient γ0 is called
Sommerfeld-Wilson ratio

W =
π2k2

B

3µ0µB

χ0

γ0

, (1.24)

that is a value which characterizes a material. By definition, for free electrons W = 1, in
real heavy-fermion systems W takes values between 2 and 5 [79].
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1.5 Quantum criticality

Effects of quantum criticality can be observed at finite temperatures in systems where a
second order phase transition occurs at zero temperature. Historically, the study of critical
phenomena started in the context of classical phase transitions. We therefore shortly intro-
duce classical phase transitions in the first part of this section. We move on to quantum
phase transitions and describe two scenarios for magnetic quantum critical points in the last
part.

1.5.1 Classical phase transitions and critical exponents

At a classical phase transition, a macroscopic system in the thermodynamic equilibrium
changes its state. A first classification of general types of transition between phases of
matter was introduced by Ehrenfest. He provided a classification of phase transitions on the
basis of jumps in derivatives of the free energy function F (T, V, ...). At a first order phase
transition, a discontinuity in one of the first derivatives of the free energy occurs. It is called a
”discontinuous” phase transition and is accompagnied by a release of latent heat. At a second
order phase transition, the first derivative is continuous and a discontinuity occurs in the
second derivative of the free energy. Second order phase transitions are called ”continuous”
phase transitions. While at a discontinuous phase transition the order parameter disappears
suddenly, its change is continuous at a continuous phase transition. For a specific system
with a fixed composition, at a certain pressure and in a certain field, the point of the phase
transition is called ”critical point”. Landau introduced a theory to describe second order
phase transitions and extended it further by including fluctuations of an order parameter
φ [80]. Near the critical point, fluctuations of the order parameter with the coherence or
spacial correlation length ξ occur. At the critical point, these fluctuations are called ”critical
fluctuations” and diverge as

ξ ∝ |t|−ν with t = (T − Tc)/Tc (1.25)

where t is the reduced temperature, and ν the critical exponent of the correlation length
ξ. Additionally, there are temporal fluctuations of the order parameter characterized by the
correlation time ξτ which diverges as

ξτ ∝ ξz ∝ |t|−νz. (1.26)

Here, z is the dynamical exponent [81]. Near the critical point, fluctuations occur on all
scales of length and time - the system behaves ”scale-invariant”.

In the vicinity of a second order phase transition, physical quantities show characteristic
power law behaviour in measured properties like the order parameter φ, the susceptibility χ
with respect to an order parameter or the specific heat C according to

φ ∝ |t|β, χ :=
∂φ

∂r
∝ |t|−γ and C ∝ |t|−α (1.27)

where r is a control parameter. At the critical temperature Tc, the Greens function G(x) :=
〈φ(0) · φ(x)〉, fulfills

G(x) ∝ x−(d−2+η). (1.28)

23



1.5. QUANTUM CRITICALITY Basic concepts

universality class model physical system φ β γ
d = 2, n = 1 2D Ising adsorbed layers surface density 0.125 1.75

d = 2, n = 2 2D XY liquid 4He films suprafluid phase
amplitude

0.2... 2.2...

d = 2, n = 3 2D Heisenberg − magnetization 0.28... 3

d = 3, n = 1 3D Ising uniaxial
ferromagnets

magnetization 0.3... 1.25

d = 3, n = 2 3D XY layered
ferromagnets

magnetization 0.33... 1.22...

d = 3, n = 3 3D Heisenberg isotropic
ferromagnets

magnetization 0.57... 1.4...

Table 1.3: Universality classes, characterized by is the spatial dimension of the ordering
system d and the dimension of the order parameter n, and critical exponents for classical
phase transitions after Wilson [82].

Here, d is the dimension of the ordering system and η is a further critical exponent. In the
1970s, Wilson introduced critical exponents for the behaviour of physical quantities at an
arbitrary second order phase transition [82]. He stated that two systems belonging to the
same universality class will have the same critical exponents. Some examples of universality
classes (defined by the dimension of the system d and dimension of the order parameter n)
are given in Tab. 1.3.

Between the critical exponents α, β, γ, η, ν and the dimension d of the ordering system
the relations

α = 2− d ν, γ = ν (2− η), β = ν
d− 2 + η

2
(1.29)

hold [83].

1.5.2 Quantum criticality and scaling behaviour

Classical phase transitions, exhibit divergence of the coherence length ξ and time ξτ of the
order parameter φ. Upon approaching the transition, φ fluctuates coherently over increasing
distances and time scales meaning that there exists a characteristic frequency for order-
parameter fluctuations ωφ with ωφ → 0 at the phase transition [84]. At a finite-temperature
phase transition the nature of the fluctuations is classical in the sense that ~ωφ � kBTc.
The fluctuations become quantum mechanical in nature at a QPT where Tc = 0. At a
QCP, the characteristic energy of the quantum fluctuations becomes larger than the thermal
fluctuation energy

~ωφ � kBTc. (1.30)

Fig. 1.4 shows a schematic phase diagram near a QCP. By tuning a system through a QPT
its transition temperature into an ordered state is shifted to zero and the QCP is reached
at a critical value rc of the control parameter r. In experiments this can be realized by a
control parameter r like pressure, field or doping. At classical critical points, the critical
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Figure 1.4: Schematic T − r phase diagram for temperatures T and values r of a tuning
parameter near a QCP after [85]. The solid line indicates the boundary between ordered
and disordered phases. The dashed lines mark the boundaries of the quantum critical region.

fluctuations are limited to a narrow region around the phase transition. In contrast, the
influence of a quantum critical point on the physical properties can be observed over a wide
range of temperature above the QCP. Therefore, the effect of quantum criticality is also
relevant and observable in different physical quantities at finite temperatures. Near a QCP
several physical quantities like the specific heat C(T ), the linear thermal expansion α(T ) or
the electrical resistivity ρ(T ) exhibit power-law behaviour.

At a QPT, different microscopic systems exhibit the same scaling behaviour. They show
scale invariance in space and time of the critical fluctuations extending over a wide region in
the phase diagram. The fascinating property of a phase transition is that different materials
show universality in their behaviour and can be described by the same theory. In contrast to
classical phase transitions, at a QPT the dynamics (the existence of temporal fluctuations
of the order parameter) also affects the critical thermodynamic properties and therefore a
larger number of universality classes can be expected. To account for this fact, the effective
dimensionality for a system near a QPT is extended to deff = d+ z [84].

The FL behaviour of the system changes into non-FL behaviour when approaching the
QCP. It is believed that in many systems the arising unusual metallic states act as precursors
for the development of superconductivity.

Commonly, the exponents are obtained from fits to the data. For instance, the temper-
ature dependence of the resistivity is fitted to the model form ρ(T ) = ρ0 +AT κ in a certain
temperature range Tmin < T < Tmax. Such fits are believed to be reliable if (i) the exponent
depends only weakly on Tmin and Tmax, (ii) the fit extends over more than one decade in
T , and (iii) a plot of ρ(T ) as a function of T κ looks linear [84]. At low temperatures, the
resistivity of a FL obeys

ρ(T ) ∝ T 2. (1.31)

In the neighbourhood of a QCP, a different behaviour of the resistivity

ρ(T ) ∝ T κ with κ < 2 (1.32)
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was observed. Even unconventional power-law behaviour in the magnetic susceptibility

χ(T ) ∝ − lnT or
1

T γ
with γ < 1 (1.33)

and in the specific heat

Cp
T
∝ − lnT or

1

Tα
with α < 1 (1.34)

were found [86, 87]. This non-FL behaviour occurs above the QCP in the quantum critical
region shown in Fig. 1.4. Reaching the QCP, the Grüneisen ratio

Γ(T ) :=
β(T )

Cp(T )
= − 1

VmT

(∂S/∂p)T
(∂S/∂T )p

∝ 1

T λ
=

1

T 1/νz
(1.35)

diverges for T → 0 at any QCP with the critical exponent λ > 0. Eqn. 1.35 is valid for a
pressure as well as a field-tuned QCP [15]. Here,

β(T ) =
1

V
· ∂V
∂T

∣∣∣∣
p

= − 1

V
· ∂S
∂p

∣∣∣∣
T

(1.36)

is the volume thermal expansion and

Cp(T ) =
T

N
· ∂S
∂T

∣∣∣∣
p

(1.37)

the molar specific heat at constant pressure with the entropy S and the molar volume
Vm = V/N . By the critical exponent λ the existence of a QCP can be checked and the QCP
can be characterized.

1.5.3 Theoretical approaches

Today, two scenarios for what happens during a magnetic QPT are under discussion, the
spin-density wave scenario and the Kondo-breakdown scenario.

Spin-density wave scenario

A widely accepted scenario is the formation of a SDW. A SDW is an itinerant magnetic
ground state of metals. In this state, the density of the spins of the conduction electrons
is spatially modulated. In general, the wave length of the SDW is incommensurable with
respect to the atomic lattice. The SDW is a property of the ground state of a system
but not an excitation like a magnon. According to Hertz, Millis and Moriya [81, 88, 89],
in the heavy Fermi-liquid a SDW might form. The order parameter of the SDW exhibits
critical fluctuations while the heavy quasiparticles stay intact. Zhu et al. explicitly derived
exponents of the power-law behaviour of the Grüneisen ratio for the SDW scenario near a
QCP [15]. The critical exponents derived for the description of SDW metals are summarized
in Tab. 1.4 and compared to real systems in Tab. 1.5. In CeNi2Ge2, for instance, a QCP
with λ = 1 is observed, which can be explained with a three dimensional spin-density-wave
model [90].
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AFM AFM FM FM FL
d = 2 d = 3 d = 2 d = 3 d = 3

z = 2 z = 2 z = 3 z = 3

βcr ∝ ln ln 1
T

T 1/2 ln 1
T

T 1/3 const.

Ccr ∝ T ln 1
T

−T 3/2 T 2/3 T ln 1
T

const.

Γr,cr ∝
lnln 1

T

T ln 1
T

−T−1 T−2/3ln 1
T

(
T 2/3ln 1

T

)−1
const.

ρ(T ) ∝ − T 3/2 − − T 2

Table 1.4: Critical exponents: Results for a model which is suitable to describe a SDW metal
in the quantum critical regime T � |r|z/2 deduced by Zhu et al. [15]. Here, r is the control
parameter and measures the distance to the QCP, d is the dimension of the ordering system.
The dynamical exponent z decribes an AFM metal with z = 2 and a FM metal z = 3. The
critical exponent for the electrical resistivity was derived by Moriya and Takimoto [91].

system model βcr ∝ Ccr ∝ T−α Γcr ∝ T−1/νz ρcr ∝ T κ ref.
CeCu2(Si1−xGex)2 − − − T 1···2 [92, 93]

Ce1−xLaxRu2Si2 − T 1/2 − T 1.5 [94]

CeNi2Ge2 SDW T 1/2 T 3/2 T−1 T 1.2···1.5 [90]

CeIn3−xSnx T 1/2 T T−(1.1±0.1) − [95]

CeCu6−xAux − T ln(T0/T ) − T [12, 96]

Kondo [19]

YbRh2(Si1−xGex)2 break- T T−1/3 T−(0.7±0.1) T [96, 97]

down

CeCu6−xAgx T ln(T0/T ) T ln(T0/T ) < T−1 − [95]

YbNi4(P1−xAsx)2 ? T 0.36 T 0.57 T−(0.22±0.04) T 1···1.2 [14]

Table 1.5: Materials and critical exponents. The tuning parameter is the composition x.

27



1.5. QUANTUM CRITICALITY Basic concepts

Kondo-breakdown scenario

Materials like CeCu1−xAux and YbRh2Si2 cannot be described by a SDW scenario [96]. This
led to the development of a new approach which is known as ”Kondo breakdown” or ”Kondo
destruction” scenario. Near a QPT, critical fluctuations arise and it is believed that these
fluctuations cause a destruction of the Kondo state. In this picture, the Fermi surface looses
its f -electron character upon crossing the QCP [98]. Several mechanisms have been proposed
for different types of fluctuations.

• A locally quantum critical scenario where local fluctuations of the magnetization be-
come divergent was proposed by Coleman and Si et al. [16, 17]. During a QPT, the
local fluctuations of the magnetic order parameter couple to the nearly localized heavy
quasiparticles. If these fluctuations become critical they might destroy the heavy Fermi
liquid at the QCP. In YbRh2(Si1−xGex)2, a QCP with λ ≈ 0.7 was found, which is not
compatible with the itinerant SDW theory. Such a critical exponent is qualitatively
consistent with the locally quantum critical picture [90]. Evidences of a Kondo de-
stroying QCP in YbRh2Si2 were summarized recently by Steglich et al. [99]. For this
scenario, ω/T scaling of the dynamic susceptibility χ(~q, ω, T ) with the magnetic wave
vector ~q as a direct consenquence of the development of critical fluctuations connected
to the breakdown of the Fermi surface (FS) is predicted [18, 19, 100]. This scaling is
not expected in the SDW theory.

• The occurence of an abrupt change of the Fermi surface (Fermi volume collapse) caused
by Fermi surface fluctuations which destroy the Kondo singlet state was proposed by
Vojta et al. [101].

• A scenario of critical quasiparticles characterized by a diverging effective mass and a
singular quasiparticle interaction generated by order-parameter fluctuations of a SDW
instability was proposed by Wölfle, Abrahams and Schmalian [102–104].

1.5.4 Quantum critical compounds and YbNi4P2

Some quantum critical materials where the critical exponents for the volume thermal expan-
sion β, the specific heat C, the Grüneisen parameter Γ and the resistivity ρ were determined
are listed in Tab. 1.5. For these materials, it was possible to determine whether the SDW
or the Kondo-breadown scenario occurs at the QCP. The table additionally includes the
exponents determined in the case of the FM YbNi4P2 for which none of these scenarios has
proven to be valid.

The quantum critical ferromagnet YbNi4P2

In YbNi4(P1−xAsx)2, x ≈ 0.1 a FM QCP was found. Samples with x = 0.08 show that
the dimensionless Grüneisen ratio diverges as Γ(T ) ∝ T−0.22±0.04 ∝ T−λ = T−1/νz which
indicates the existence of a QCP at xc ≈ 0.1 [14]. The exponent 1/νz = 0.22 rules out an
itinerant SDW scenario in YbNi4(P1−xAsx)2 because it leads to νz ≈ 5, which is much larger
than for itinerant FM systems (ν = 1/2, z = 3). Until now, it is not possible to deduce an
appropriate characterization of the QCP which occurs in YbNi4(P1−xAsx)2 for x ≈ 0.1 from
existing theories [26].
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Our recent study [105], sheds light on the question whether the Fermi surface looses its f -
electron character upon crossing the QCP. In the unsubstituted system, Lifshitz transitions
occur at low fields which means that the f -electrons are incorporated in the Fermi surface
and that the magnetically ordered side of the QCP is a heavy Fermi liquid. This observation
excludes a Kondo-breakdown scenario for the FM QCP. The occurrence of a FM QCP in
heavy-fermion metals, like YbNi4(P1−xAsx)2, x ≈ 0.1 is not understood so far since this type
of instability should apparently not exist in itinerant metallic materials [106].

1.6 Characterization of physical properties

In this section, the methods are described which were applied for the characterization of
the physical properties of the materials. The physical properties were investigated using
the commercial measurement options of a Quantum Design physical property measurement
system (PPMS). The setup and sample preparation is described below for heat capacity,
four-point resistivity and magnetization measurements.

Specific heat capacity

Heat capacity measurements were performed using the heat capacity (HC) option of the
PPMS. The measuring procedure consisted of two runs. The first step was the addenda
measurement were the heat capacity of the sample platform together with the attached
Apiezon N grease was determined. Secondly, the sample was attached to the platform and
the heat capacity of the sample was measured by a relaxation method using the two-tau
model and taking the addenda measurement into account. To increase the accuracy of the
measurement, at each temperature set point three decay curves were measured applying a
heat pulse of 2%. The specific heat capacity is a bulk property and with this option not
only single crystals were measured but also polycrystalline material which was pressed into
a pellet shape prior to the measurement. The sample weight should be between 3 to 5 mg.
The largest extension of the single crystal or pellet was 3 mm.

Electrical transport

For resistivity measurements on samples with low resistivity, the four-point-geometry is
used to minimize the uncertainty on the measurement results due to the wires and contacts.
The samples were contacted on four points and connected with a platinum wire to the puck,
which is part of the resistivity measurement unit of a commercial PPMS (alternating current
transport option (ACT)). The platinum wire is 25 µm in diameter and is connected at one
end with the sample by silver based electrically conductive adhesive while the other end is
soldered using tin on top of the puck. A piece of cigarette paper prevents direct contact
of the sample with the puck. The sample is fixed on the puck with Apiezon N, to provide
thermal contact and protect the wires and contacts against breaking, when mounting the
sample. A constant current flows from point I+ to I− and the voltage is measured between
the contacts U+ and U− which are located between the current contacts. In figure 2.13, a
sample with contacts on a puck prepared for a resistivity measurement is shown.

Resistivity measurements are used to study the anisotropy of materials. The crystal is
oriented by Laue method and the positions of the two voltage contacts are in one line parallel
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to a defined crystal axis with a distance l of about 1 mm. The best suitable crystal shape is
long and thin. With this geometry, other current contributions are minimized.

The residual resistivity ρ0 depends on the concentration of the crystal defects therefore
measurements of the resistivity can be used to characterize the quality of a sample. For
metallic samples the residual resistivity ratio RRR = ρ(300 K)/ρ(T→ 0) is usually used. In
this work, all resistivity measurements with the ACT option of the PPMS were done down
to a temperature of 1.8 K. The resistivity ratio RR1.8K = ρ(300 K)/ρ(1.8 K) was determined
for several samples to compare the crystal quality. The larger the value of RR1.8 K for a
sample is, the smaller the defect contribution and the better is the crystal quality. Note that
for the materials which exhibit a phase transition below 1.8 K the RRR value usually can
differ significantly from the value of RR1.8 K.

Magnetization

The magnetic moment of a sample was measured, using the vibrational sample magnetome-
ter (VSM) option of the PPMS. The measurement of the magnetic moment is done by
oscillating the sample near a pickup coil inducing a time-dependent voltage V = dΦ/dt =
(dΦ/dz)(dz/dt). Here, Φ is the magnetic flux enclosed by the pickup coil, z the vertical
position of the sample with respect to the coil, and t the time. For a sample position, that
oscillates sinusodially, the voltage is given by V = 2πfCmA sin (2πft), with the frequency of
the oscillation f , a coupling constant C, the DC magnetic moment of the sample m and the
amplitude of the oscillation A. During the magnetic moment measurements, the amplitude
of the induced voltage is determined [107].

In this work, the VSM option was used to determine the anisotropic magnetic properties
of the single crystals. Additionally, it was used to estimate the content of included flux in the
single crystals. This was possible since the flux had a magnetic constituent (like in the case
of the Ni-Ni3P flux where Ni is magnetic at room temperature) or becomes superconducting
(like in the case of In flux with Tc = 3.4 K). The determination of the purity of the crystals
concerning the flux content is necessary, since many measurement methods require pure
(flux free) crystals. To prepare a crystal for a VSM measurement the sample was oriented
by Laue method and subsequently fixed with GE-varnish on a quartz paddle. In the PPMS,
the external field H is applied in vertical direction which means parallel to the longest
extension of the sample holder. The sample oscillated with an amplitude A of 2 or 4 mm
and a frequency f of 20 or 40 Hz.

1.7 Angle resolved photoemission spectroscopy

In the past, several Ln-containing compounds turned out to develop surface states which
have been examined by spectroscopic techniques like ARPES. Surface electronic states were
theoretically predicted by I. Tamm (1932) and later on by W. Shockley (1939) and have been
observed for the first time in 1975 on the Cu(111) surface by P.O. Gartland and B.J. Slagsvold
[108]. The intrinsic property of surface states is that they are located in the projected bulk
band gap where bulk states are prohibited to exist. They therefore must necessarily possess
2D character which is a fundamental fact well known in the condensed matter community.
For LnT2Si2 systems, the Shockley state at the M -point was discovered for instance in
YbRh2Si2 [109] and YbCo2Si2 [110]. The Dirac-cone state is a resonance surface state.
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Figure 1.5: ARPES: Splitting of a surface state at the Γ point in GdRh2Si2 below the Néel
temperature. The data where collected at the SIS beamline at the Swiss Light Source (SLS),
PSI together with D. Vyalikh (San Sebastian).

Resonance surface states are states degenerate in energy with bulk states. In real space,
resonance surface states are localized in several surface atomic layers distinguishing them
from bulk states. The Dirac-cone state was studied for instance in graphene [111], EuRh2Si2
[112] or in URu2Si2 [113].

Photoelectron spectroscopy is a technique which utilizes the photoelectric effect. By
ARPES the energy as well as the momentum of the electrons in the solid can be obtained.
With this method, the band structure of a material can be determined experimentally. The
measurement is performed while the sample and the detector are kept under ultra-high
vacuum (10−10 bar) to minimize the contamination of the sample surface. The single crystal
is cleaved right before the measurement in ultra-high vacuum and the sample surface allows
for the collection of data during about 6 h at maximum, afterwards the contamination of the
surface by adhesive atoms becomes too high. Due to this contamination, the sample has to
be changed frequently and the method is very sample consuming. The compounds LnT2Si2
which crystallize in the ThCr2Si2-type structure (I4/mmm) exhibit an alternating stacking
of atomic layers where the Ln atoms are separated from each other by Si-Rh-Si trilayers.
It turned out in the past that materials of this structure-type are excellent candidates to
by studied by ARPES since they can be cleaved easily due to their layered structure. The
sample quality is directly reflected in the quality of the obtained data. Sharp electronic
bands can be resolved only for single crystals of high purity and excellent crystallinity. For
the LnRh2Si2 single crystals obtained by the high-temperature flux growth the Laue pattern
Fig. 5.1 show extremely sharp spots indicating a high crystallinity of the single crystals which
also reflects in the sharp bands visible in the ARPES spectra. In the frame of this work,
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single crystals of SmRh2Si2 [114], GdRh2Si2 [115] and HoRh2Si2 [116] were grown which
allowed for their investigation by ARPES. The ARPES spectrum in Fig. 1.5, nicely shows
the splitting of a surface state below the Néel temperature at the Γ point in GdRh2Si2. This
picture shows the pure data and remarkably, besides the sharp electronic bands, there is an
extremely low background contribution below the Fermi energy EF which prooves the high
crystallinity of our single crystals.
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2

YbNi4P2
and YbNi4(P1−xAsx)2, (x = 0.1− 1.0)

2.1 Introduction to a system close to a ferromagnetic

quantum critical point

The crystallographic structure of YbNi4P2 was reported by Chikhrij et al. about 30 years ago:
The compound crystallizes in the tetragonal ZrFe4Si2 structure type (P42/mnm) in which,
as shown in Fig. 2.1, the Yb atoms are located in channels of edge-connected Ni tetrahedral
chains [117]. The first characterization of its high-temperature magnetic properties was done

Figure 2.1: Tetragonal crystal structure of YbNi4P2. Left: View perpendicular to the c-
direction. Neighbouring Yb chains are shifted towards each other by half a unit cell. Right:
View along the crystallographic c-direction. Chains of Yb atoms are located in channels
between P and Ni-tetraedra chains after [118].

by Chikhrij et al.[119] and later by Deputier et al. [120] and the authors confirmed magnetic
Yb3+ ions and no magnetic contribution of the Ni4P2 sublattice.

In 2011, single-phase polycrystalline YbNi4P2 samples were prepared by Krellner et al.
[121] and an extended study of its physical properties became possible. Additionally, from
uncorrelated band structure calculations, two main issues were inferred: Firstly, the three
main Fermi surfaces have predominantly 1D character. Secondly, spin-polarized calculations
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demonstrate the absence of Ni-related magnetism in YbNi4P2, although Ni3d states provide
the main contributions to the density of states at the Fermi energy EF . The Kondo tempera-
ture TK ≈ 8 K was estimated by means of the entropy, which was calculated from the specific
heat data. The FM nature of the phase transition was one of the main results, since most
known Kondo lattices order antiferromagnetically. The temperature of the phase transition
TC = 0.17 K was the lowest-lying TC ever observed among metallic correlated systems until
that time.

The first successful single crystal growth was reported by Krellner and Geibel [118] and
the examination of the magnetic anisotropy of YbNi4P2 was performed in detail down to
1.8 K. A much higher polarized moment at 1.8 K was found for magnetic field along the
c direction than for field in an in-plane direction. From the investigations of the magnetic
properties the c axis of the tetragonal unit cell was deduced to be the magnetic easy direction.
The magnetic properties were further studied by nuclear magnetic resonance (NMR) [122,
123] and muon spin resonance (µSR) [124]. Inelastic neutron scattering on powder was
performed to investigate the CEF splitting and ferromagnetic fluctuations [125, 126]. The
field dependence of the magnetization M(B) for field B ‖ c and B ⊥ c was estimated by
integration of the field dependence of the ac susceptibility χ′(B) measured at 0.03 K [127].
The estimated M(B) shows a small FM hystereses for B ⊥ c. Due to the small ordered
moment it was not possible to resolve the FM hystereses in a magnetization measurement
until now. As YbNi4P2 was the first clean example of FM quantum criticality [121], it was
proposed to tune the system towards the non-magnetic side of the QCP by substitution of
P by the larger As which is equal to the application of negative chemical pressure. QPTs
are of current interest in solid state physics and YbNi4P2 is one of the rare examples of
compounds that allow the investigation of a FM QCP. Low-temperature measurements of
Steppke et al. indicate the existence of a FM QCP in the YbNi4(P1−xAsx)2 substitution
series for x ≈ 0.1 [14]. Additionally, the re-examination of the pure compound yielded a
TC = 0.15 K for YbNi4P2 single crystals. The magnetic order and the spin dynamics across
the QCP recently was investigated by µSR [128]. The critical fluctuations were found to be
very slow in the pure compound and become even slower when approaching the QCP. These
findings support the presence of a clean FM QCP in this system.

For further investigation of this intriguing phenomenon, large and high quality single
crystals of the pure compound YbNi4P2 as well as of single crystals in the substitution series
YbNi4(P1−xAsx)2 are essential.

2.2 Summary of the results and outlook

The YbNi4P2 single crystals have been grown by two different methods. The Bridgman
method yielded single crystals with a mass of 10 mg at maximum. The single crystals which
were obtained by the Czochralski method grew up to a mass of 1800 mg. Several obstacles
were passed over when the process for the growth of large YbNi4P2 single crystals was de-
veloped. The compound contains elements of high vapour pressure, namely ytterbium and
phosphorous, in combination with the high melting element nickel. Additionally, the prereac-
tion was impeded by the high reactivity of the melt with the tendency to attack the crucible
material. It was key to find suitable conditions for this step. The conditions found by opti-
mizing the process enabled us to grow large single crystals by the Czochralski method from
a levitating melt utilizing a Ni-rich flux. We have shown that the high-temperature metal-
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flux technique can be used to grow large single crystals of materials with volatile elements.
Furthermore, the Czochralski method was applied to grow single crystals in the substitution
series YbNi4(P1−xAsx)2 for x = 0.1, 0.12, 0.15, 0.2, 0.4, 0.6, 0.8 and 1.0. By analyzing the
chemical composition of the samples using EDX we found that the arsenic distribution in
the samples is homogeneous. The characterization of their structure by PXRD showed that
the increase of the arsenic content in the substitution series caused the unit cell to enlarge
as expected. The crystallinity of the samples was investigated by Laue-Method using two
different radiations, namely x-rays and neutrons. While x-rays penetrate only several µm
into the sample, the neutron-penetration depth is several cm. Therefore, x-ray Laue is sensi-
tive to the surface and neutron Laue probes the bulk. By combining both techniques, single
crystals were identified where the misalignment in the lattice is below the detection limits of
about 0.5 degree. These single crystals were cut and prepared to further characterize their
physical properties down to lowest temperatures.

Our single crystals of pure and arsenic substituted YbNi4P2 have been further charac-
terized by electrical transport, heat capacity and magnetization measurements. Electrical
transport measurements were performed in collaboration with M. Brando and coworkers
and S. Friedemann and coworkers down to lowest temperatures (20 mK) and showed, be-
sides a sharp transition into the ferromagnetic state at TC = 150 mK, a resistivity ratio of
RRR = 60 for j ‖ c. The resistivity as well as the magnetization exhibit a strong anisotropy
parallel and perpendicular to the crystallographic c-direction which is consistent with previ-
ous results [14, 118] and supports the assumption of a one-dimensional electronic structure.
Due to the high sample purity the anomalies observed in transport measurements appear
much more pronounced in comparison to measurements on previous samples. This enabled
H. Pfau and coworkers to investigate the Lifshitz transitions that occur in this compound
[105]. Upon these transitions the topology of the Fermi surface changes which yields signa-
tures in electrical transport and thermodynamic data. By their analysis information on the
topology of the Fermi surface can be obtained. Our large single crystals facilitate ultrasound
studies which are currently performed by Y.Tsui and coworkers in the group of M. Lang in
Frankfurt. The first analysis of the data yielded that the Lifshitz transitions in YbNi4P2 can
also be detected by ultrasound.
We studied the arsenic substituted samples in more detail to localize the region of occur-
ing non-FL behaviour in the phase diagram. Electrical transport measurements on single
crystals of the YbNi4(P1−xAsx)2 series show that the pronounced anisotropy in the electrical
resistivity of YbNi4P2 turns into an almost isotropic behaviour in the case of YbNi4As2. For
arsenic concentrations up to x = 0.4, the Kondo scattering causes a pronounced drop in
the resistivity below T = 50 K. Additionally, CEF effects occur at high temperatures. For
high arsenic concentrations, the Kondo scattering is reduced and the transport properties
are dominated mainly by CEF effects. Low temperature electrical transport measurements
on single crystals near the quantum critical arsenic content x ≈ 0.1 as well as pressure
studies on a single crystal with x = 0.12 have been started by S. Friedemann and coworkers
to further investigate the physics around the FM QCP. The heat capacity was measured
down to T = 350 mK in collaboration with J. Banda (MPI CPfS): For low arsenic concen-
trations, the specific heat capacity divided by temperature C/T increases strongly at low
temperatures indicating the presence of strong electronic correlations. The samples with
x ≤ 0.2 show a divergence of C/T leading to strongly enhanced Sommerfeld coefficients of
γ0 > 1000 mJmol−1K−2. For high arsenic concentrations, C/T becomes constant with en-
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hanced Sommerfeld coefficients γ0 = 158 mJmol−1K−2 for x = 0.8 and γ0 = 96 mJmol−1K−2

for x = 1.0 showing FL behaviour below T ≈ 5 K. The effective magnetic moment was de-
termined in the substitution series from the inverse magnetic susceptibility. We found that
the effective magnetic moment µceff = (4.82± 0.02)µB of the free Yb3+ ion (µcalceff = 4.53µB)
in the pure phosphorous compound is slightly reduced to µceff = (4.52 ± 0.02)µB for the
pure arsenic compound which hints to a reduction of the Yb valence. While the change in
µeff is small, we found a large change in the Weiss temperature from Θc

W = (−17 ± 2) K,
Θa
W = (−37 ± 3) K for x = 0 to Θc

W = (−113 ± 1) K, Θa
W = (−180 ± 3) K for x = 1. The

angular dependence of the susceptibility χ(φ) of YbNi4P2 above 2 K in different external
fields was studied in collaboration with M. Baenitz (MPI CPfS). While the anisotropy upon
rotation about the (001) axis was below the detection limit, an anisotropy in χ(φ) was found
when rotating about the (100) axis.
Phase pure samples of LuNi4P2 have been synthesized and were characterized in the frame of
this work. These samples have been used as a non-magnetic reference compound in specific
heat capacity measurements.

In collaboration with different groups, several experiments have been started using our
new single crystals. From the high temperature part of the magnetic specific heat capacity
of YbNi4P2 it became possible to estimate the missing third CEF level E3. The combina-
tion of the neutron [126] and heat capacity data suggests a level scheme of E1 = 8.5 meV,
E2 = 12.5 meV and E3 ≈ 25 meV which was worked out in collaboration with Z. Hüsges
[129]. The determined CEF scheme was obtained by an elaborate fitting procedure and is
connected to large error bars. Therefore a further refinement is appreciated. Additional
experimental input can be obtained by single crystal NMR. In the tetragonal compound
YbNi4P2, the environment of the Yb atoms is orthorhombic and NMR is one method by
which the local anisotropy of the Yb atoms in their orthorhombic environment can be stud-
ied. NMR experiments on large single crystals have been started by H. Yasuoka, H. Tou
and coworkers [130]. Good agreement was already found by comparing the calculated mag-
netization according to the estimated CEF scheme with high-field magnetization data in
collaboration with T. Förster and M. Brando.

At the beginning of this work, YbNi4P2 single crystals have been investigated by J.
Sichelschmidt by electron spin resonance (ESR) down to T = 2.9 K using X-band frequency
(9.4 GHz). In contrast to the expectation that the observation of an ESR resonance is possible
in Kondo lattice systems if ferromagnetic fluctuations are present [131], surprisingly no ESR
resonance was detectable. Later, the new samples with masses up to 1800 mg facilitated first
single crystal inelastic neutron scattering (INS) experiments carried out in collaboration
with Z. Hüsges, S. Lucas and O. Stockert. The experiments showed that antiferromagnetic
fluctuations occur already far above the Curie temperature TC = 0.15 K.

First ARPES experiments on YbNi4P2 performed in collaboration with D.V. Vyalikh
and coworkers showed that mainly nickel states contribute to the DOS near the Fermi level.
Further ARPES studies have been started to get more insight into its electronic structure.

With the new generation of single crystals it now becomes possible to investigate the
physics of the FM QCP in arsenic substituted YbNi4P2 in more detail. This will provide
experimental data which might enable us to improve the understanding of ferromagnetic
quantum criticality in Kondo-lattice systems.
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2.3 Crystal growth of YbNi4P2

Preliminary work: Bridgman growth experiments

YbNi4P2 single crystals were grown by a modified Bridgman method from a Ni-P self-flux for
the first time in 2012 [118]. In the mean time, the growth procedure has been optimized and
several physical properties of this compound have been investigated. A detailed description
of the growth parameters was reported in [132, 133] and is summarized in this section. The
differential thermal analysis (DTA) was done using a simultaneous thermal analysis device
(STA 449 C, Netzsch), which allows simultaneous thermogravimetry (TG) and DTA. For the
Bridgman growth, the tantalum crucible was put under a flow of argon in a vertical resistive
furnace (GERO HTRV70250/18) in which a maximum temperature of 1350◦C was used in
our experiment. During the growth, the temperature was measured in situ at the bottom
of the tantalum crucible by a Pt/Rh thermocouple of type B. The sealed tantalum crucible
was slowly heated up to 700◦C with a rate of 30 K/h to allow a slow reaction of phosphorous
with the other elements and to 1350◦C with a rate of 50 K/h. The melt was held at this
temperature for 1 h to ensure homogenization and then cooled by slow moving of the whole
furnace with 0.88 to 3.4 mm/h leading to a cooling rate in the range of 0.5 − 4 K/h down
to 1000◦C, while the position of the crucible stayed fixed. With this setup, we were able
to cool the sample without vibrations resulting from the movement which is different from
the conventional Bridgman process where the sample is moved from the hotter to the colder
zone. After the growth, the YbNi4P2 single crystals were embedded in the Ni-Ni3P eutectic.
A typical growth result (cut image) with the YbNi4P2 single crystals embedded in the flux is
shown in Fig. 2.3. Since the flux can not be removed by acids without solving the crystals,
the use of a centrifuge (Christ UJ1) was necessary to separate the crystals from the flux. In
preparation of the centrifugation process, the sample was cut using a spark erosion device
and placed above some glassy carbon pieces and a graphite sieve in a fused silica ampoule.
The ampoule was heated in a box furnace up to 1100◦C, held at this temperature for one
hour and then within a few seconds moved into a centrifuge. The flux with the eutectic
temperature of ≈ 870◦C was spun off. Afterwards, the remaining crystals could be easily
separated from each other manually. The long, rod shaped single crystals are presented in
Fig. 2.3.

2.3.1 Experimental details of the Czochralski growth experiments

High-purity starting materials Yb ingot (99.9%, Strem Chemicals), Ni slugs (99.995%, Alfa
Aesar), red P pieces (99.999%, Mining & Chemical Products Ltd.) were used. The reagents,
namely ytterbium and phosphorous, are air sensitive. The preparation of these reagents was
done in a glove box filled with purified argon. The stoichiometric composition of the elements
was weighed in together with Ni81P19 (eutectic composition) as flux resulting in a molar
sample to flux ratio of 1:1. The total mass of each growth charge was 15 g. The elements
were filled in a boron nitride crucible (V = 30 ml) for the preparation of the precursor for the
Czochralski growth. The inner crucible was put in an outer crucible made of tantalum which
was sealed under Ar using arc-melting. The prereaction was performed in a Linn furnace
at Tmax = 950◦C under protective Ar atmosphere at ambient pressure. The Czochralski
growth experiment was performed in a commercial ADL (Arthur D. Little) growth device
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Figure 2.2: Left: The DTA signal recorded during cooling shows a dip at the liquidus
temperature of the starting charge TL ≈ 1290◦C marking the onset of the crystallization
of YbNi4P2. A second dip occurs at the eutectic temperature TE ≈ 860◦C. The data were
recorded by C. Krellner. Figure taken from [133] by courtesy of Elsevier. Right: Development
of the melt temperature versus time where an Ar over pressure of either 2 bar (grey symbols)
or 20 bar (black symbols) was applied in the growth chamber. Only in the second case stable
growth conditions could be established which made a controlled crystal growth possible.

equipped with a high-frequency generator (Hüttinger) that provides a maximum power of
about 30 kW. The temperature was measured with an IRCON pyrometer. The crystal
structure was characterized by PXRD on crushed single crystals, using Cu-Kα radiation.
The chemical composition was measured by EDX. The orientation of the single crystals was
determined using a Laue camera with X-ray radiation from a tungsten anode. Four-point
resistivity and magnetization measurements were performed using the PPMS.

2.3.2 Self-flux method

A complete ternary phase diagram of Yb-Ni-P compounds at high temperatures does not
exist, but an isothermal section (T = 870 K) of this phase diagram was determined by
Kuz’ma et al. [33]. Several stable ternary phases exist in the vicinity of YbNi4P2. In previous
work, the decomposition of YbNi4P2 above 1500◦C at ambient pressure was observed [121].
Therefore, one expects that the crystal growth of the stoichiometric compound by floating-
zone or the Czochralski method not to be successful. The binary Ni-P phase diagram shows
a low-melting eutectic, Ni81P19 [134]. A detailed investigation identified Ni80.4P19.6 as the
eutectic composition with the eutectic temperature TE = 875◦C [34]. We have used this
eutectic as a self-flux in one series of experiments utilizing a Bridgman and in an other series
the Czochralski technique to grow YbNi4P2 single crystals. One further problem is that
the Yb-Ni-P melt exhibits a high reactivity with other materials leading to lack of inert
crucible material. For the determination of the crystallization temperature of YbNi4P2 in
Ni81P19 simultaneous TG and DTA have been performed in preliminary work by C. Krellner
before starting the growth experiments. 555 mg of prereacted material consisting of 50 at%
YbNi4P2 and 50 at% Ni81P19 was put in an open alumina crucible and heated with 10 K/min
in an Ar flow. The weight loss after 3 heat/cool cycles was ∆m/m ≈ 0.05 and the signals
of all three runs were reproducible. The DTA curve presented in Fig. 2.2 shows the third
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Figure 2.3: Bridgman growth: Left: The secondary electron image of the cut through the
sample shows YbNi4P2 crystals (1) in a matrix of Ni3P (2) and Ni (3). Middle: The YbNi4P2

single crystals (1) are enclosed in the Ni-P flux (2). A polycrystalline part of YbNi4P2 (3)
formed at the bottom of the crucible. This axial cut through the ingot shows the distri-
bution of phases that is expected from a directional solidification experiment according to
the Bridgman technique. The ratio of the polycrystalline part and the part where the single
crystals are surrounded by flux varied between different growth experiments. Right: Single
crystals on mm grid after the centrifugation procedure. The crystals grow preferentially
along the [001]-direction. Figures taken from [133] by courtesy of Elsevier.

cooling process. During heating, the melting signal of the eutectic appears at 870◦C. The
melting signal of the 142-compound is located at ≈ 1340◦C and relatively weak. The high
melting temperature of the transition metal Ni (1455◦C) in combination with the starting
sublimation of red P at low temperature (416◦C) and its high reactivity additionally to the
low boiling point (1196◦C) and high vapour pressure of Yb necessitates the preparation of a
precursor.

2.3.3 Czochralski growth from a levitating melt

In the past, the successful single crystal growth of cerium compounds in the same high
frequency furnace that we used has been reported [135–137]. YbNi4P2 single crystals were
grown from a levitating melt applying the Czochralski method using the same sample to flux
ratio of 1:1 that was used in the Bridgman experiments described above. The composition
is marked by a solid blue circle in Fig. 1.1. A precursor was prepared using a boron nitride
crucible, welded inside a tantalum crucible using an argon arc furnace and were prereacted
in a box furnace under argon atmosphere subsequently. The precusor was prepared from
the elements and consisted of nickel phosphides, ytterbium phosphides and ternary Yb-
Ni-P compounds. The Czochralski growth experiment was started by melting the precursor
material in a cold copper crucible (Hukin-type) with a radio-frequency induction coil applying
a power of 12 kW at maximum. The precursor was homogenized due to the strong stirring of
the levitating melt within several minutes. The power was set in a way that the temperature
of the melt was above the liquidus temperature at about 1400◦C. The melt was kept at
this temperature for 15 min to ensure complete homogenization. For the first Czochralski
growth, we used an YbNi4P2 seed prepared from a Bridgman-grown crystal. In the following
experiments, oriented seeds prepared from the first Czochralski experiment were used. The
seed was lowered into the melt and the generator power was adjusted carefully after dipping.
As soon as the process run stable after dipping, the seed was pulled upwards along its
crystallographic [001]-direction with a pulling rate of 0.2 mm/h. Within the process time
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Figure 2.4: Left: Single crystal grown by the Czochralski method (Optical microscope im-
age). An oriented seed (1) was used to grow an YbNi2P2 single crystal (2). The growth was
terminated with a faster growth velocity which leads to an enhanced occurence of flux inclu-
sions in the lower part of the sample (3). Middle: The Laue pattern of the [001]-direction of
a sample prepared by Czochralski growth shows the four-fold symmetry. The good crystal
quality is indicated by the sharp Laue reflections. Right: Single crystal sample cut for a
magnetization measurement. Figures taken from [133] by courtesy of Elsevier.
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Figure 2.5: Left: Measured magnetization M(B) normalized to M(B = 1 T) measured at
T = 300 K on crystals with a different amount of flux inclusions. These flux inclusions contain
elementary Ni (given in weight percentage). The magnetic moment of YbNi4P2 depends
linearly on B and is small at low fields. Below ≈ 0.1 T the measured moment is dominated
by the contribution from the Ni inclusions. The black curve shows M(B) measured on a
crystal with a content of elementary Ni which is below the detection limit of this method.
Right: Measured resistivity ρ(T) normalized to the resistivity at T = 300 K. RR1.8K = 17
was determined for crystal 1 which was grown by the Czochralski method (closed symbols).
For a crystal grown by the Bridgman method, crystal 2, we determined RR1.8K = 9 (open
symbols). In the inset, a needle shaped crystal connected to the sample platform in four-
point-geometry with platinum wire contacts prepared for a resistivity measurement is shown.
Figures taken from [133] by courtesy of Elsevier.
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Figure 2.6: Polarization microscopy: YbNi4P2 (1) in Ni-Ni3P flux (2). Here, a cut through
the flux containing part (3) of the sample, shown in Fig. 2.4, is depicted.

of 30 h the total power reduction was about 30% during the experiment. To achieve an
inclusion free sample, a low growth rate and a long process time of several days was necessary.
First experiments applying an argon pressure of 2 bar led to considerable evaporation of
phosphorous from the melt and therefore to a shift of the stoichiometry which made the
crystal growth unstable. This evaporation of phosphorous from the melt was slowed down
by applying an argon pressure of 20 bar in the growth chamber leading to stable growth
conditions. Fig. 2.4 shows a typical growth result.

2.3.4 Comparison of the growth results

Structural and chemical characterization

PXRD measurements confirmed the tetragonal ZrFe4Si2 structure type (P42/mnm) with lat-
tice parameters a = 7.0560(3) Å and c = 3.5876(5) Å, which are in agreement with the data
published for polycrystalline samples [33]. EDX microprobe analysis of the crystals grown by
the two different methods, revealed the stoichiometry of the 142-compound within an error
of 2 at%. The single crystals additionally were analyzed with electron probe microscopy
analysis (EPMA). The cut through a Bridgman growth sample showed that YbNi4P2 single
crystals were embedded in the Ni-Ni3P eutectic (Fig. 2.3). The high quality of the single
crystals is evident from sharp Laue backscattering spots shown in Fig. 2.4. These samples
sometimes exhibit inclusions of the eutectic. Besides the paramagnetic [138] Ni3P phase, the
eutectic flux also contains inclusions of magnetic Ni.

Magnetization and electrical transport

The grown YbNi4P2 crystals can contain flux inclusions consisting of the eutectic mixture
of Ni3P and Ni with the phase fractions of approximately 3:1 according to the lever rule.
While Ni causes a ferromagnetic contribution to the magnetization of the sample, Ni3P is
paramagnetic. To estimate the residual Ni content, magnetic measurements were performed,
Fig. 2.5. With this very sensitive method, the purest crystals concerning the flux content can
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be identified since the contribution of nickel to the measured moment is large and reaches
90% of the saturation at low fields B ≈ 0.1 T. We utilized the fact that the contribution
of the Yb moments increases linearly, and is therefore small at lower fields. As shown in
Fig. 2.5, electrical transport measurements on YbNi4P2 single crystals with current along
the [001]-direction were performed to compare the crystal quality of samples from different
batches by means of the resistivity ratio RR1.8K := ρ(300K)/ρ(1.8K).

Crystals grown by Bridgman method

The YbNi4P2 single crystals grown by the Bridgman method exhibit naturally grown faces.
The rod-shaped crystals grow preferentially along the [001]-direction, whereas the tetrago-
nal plane is bounded by {110} faces. The dimensions of the largest crystals were 0.8mm ×
0.9mm × 6mm. During the growth, the melt attacked all tested crucible materials (Al2O3,
glassy carbon, graphite, tantalum) leading to a contamination of the melt. The analysis by
carrier gas hot extraction of a polycrystalline sample performed by G. Auffermann (MPI
CPfS Dresden) showed that the crystals grown in a graphite crucible contain up to 1wt%
carbon. The crystals grown by the Bridgman method sometimes contain inclusions of resid-
ual flux consisting of the Ni-Ni3P eutectic. This content of flux was estimated by magnetic
measurements to be 0 − 1 wt%. The largest Ni-free single crystals have a mass of about
10 mg. We performed electrical-transport measurements with current parallel to the crystal-
lographic [001]-direction and determined RR1.8K = 9 for the best crystals from the Bridgman
growth experiments for current along the [001]-direction.

Crystals grown by Czochralski method

Several experiments were done, summarized in Tab. 2.1, to modify and optimize the growth
process such that it became possible to grow large single crystals of YbNi4P2. Fig. 2.4 shows
an example of a successful Czochralski growth from a levitating melt with a diameter of
9 − 10 mm and a total length of 14 − 15 mm. The upper part of the sample (region 2) is
about 9 mm long and consists of YbNi4P2. The mass of this single crystal part is about 1.8 g.
In the lower part of the sample, YbNi4P2 contains an increasing amount of flux inclusions
(region 3). The single crystal seeds that were used have been oriented and all samples were
pulled out of the melt along the [001]-direction. A Laue image of a Czochralski grown single
crystal is shown in Fig. 2.4. Flux inclusion consisting of the Ni-Ni3P eutectic have been
observed in the lower part of the grown sample. These also occur in the upper part at grain
boundaries in samples that contain more than one grain. This content of flux was estimated
by magnetic measurements to be 0 − 0.04 wt%. Fig. 2.4 shows a typical sample prepared
for a magnetization measurement. We performed electrical transport measurements with
current parallel to the crystallographic [001]-direction and determined RR1.8K = 17 for the
best crystals from the Czochralski growth experiments. We found that with the crucible-free
Czochralski method it is possible to grow large, inclusion-free single crystals with a higher
residual resistivity ratio. The good quality of the samples became apparent since it was
possible to observe quantum oscillations in the torque and the magnetoresistance measured
on the samples in fields above 20 T as demonstrated in Fig. 2.15 [139].
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exp. cru- result p(Ar) seed remarks

No. cible [bar]

021 C proof of principle∗ 5 Ni growth from crucible

025 C no melt/levitation 5 Ni carbide formation ?

026 C first levitation∗, PC 5 W strong evaporation

027 C PC 5 W strong evaporation

028 Al2O3 evap. reduced∗, PC 20∗ 019 impurity layer on melt

029 BN∗ less impure melt
surface∗, PC

20 028 much larger grains

030 BN no melt/levitation 20 029 PR stacking unsuitable

031 BN PR failed - - leaky crucible

032 BN no melt/levitation 20 029 PR at 1350◦C

033 BN stable levitation∗, PC
sample

20 029 PR at 950◦C ∗, rotation, seed
holder failed

034 BN PC, larger grains 20 029 rotation

035 BN PC, few/large grains ∗ 20 029 no rotation∗

036 BN PC, few/large grains 20 029 no rot., imp. layer on melt

037 BN PC, few/large grains 20 029 no rot., imp. layer on melt

038 BN one large grain + one
small

20 029 additional cleaning step∗,
surface of melt very pure

039 BN SC ∗ 20 038 add. cleaning

040 BN SC 20 038 add. cleaning

041 BN SC 20 040 add. cleaning

Table 2.1: YbNi4P2 Czochralski growth experiments from the levitating melt. The prere-
action (PR) has been performed using different crucible materials: carbon (C), aluminum
oxide (Al2O3) or boron nitride (BN). The maximum temperature during the PR was 950◦C
if not specified else. While in the first experiments polycrystalline (PC) samples have been
obtained, the last experiments yielded single crystals (SC). For a definition see Sec. 1.1.1.
Main changes and key results are marked by an asterisk.
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2.4 Crystal growth of YbNi4(P1−xAsx)2, (x = 0.1− 1.0)

Preliminary work

In the past, samples of the substitution series YbNi4(P1−xAsx )2 with As-contents up to
x = 0.13 have been investigated and the material was studied close to the ferromagnetic
QCP [14]. These samples, which were examined in preliminary work, had been grown by
a modified Bridgman method which yields thin needle shaped single crystals as shown in
Fig. 2.3. Until now, the physical properties of the compounds in the substitution series
YbNi4(P1−xAsx )2 and the respective T-x phase diagram are unexplored for higher As con-
centration in particular due to a lack of samples with x > 0.13. To observe the emergence
of Fermi liquid behaviour in the system, samples with these higher As concentrations are
required. For our study, the samples in the substituion series were grown by the Czochral-
ski method based on the procedure which was used to grow the unsubstituted compound
YbNi4P2 [133]. Using seeds from the new crystal generation, we have grown single crystals
of the substituted compound YbNi4(P1−xAsx )2 with x 6= 0.

2.4.1 Experimental details

High purity starting materials Yb ingot (99.9%, Strem Chemicals), Ni slugs (99.995%,
Alfa Aesar), red P pieces (99.999%, Mining & Chemical Products Ltd.), black As pieces
(99.9999%, MaTeck) were used. The experiments have been performed using the same pa-
rameters as for the growth of the pure phosphorous compound (cf. section 2.3.1). For the
growth of the single crystals in the substituion series P was partially replaced by As.

2.4.2 Crystal growth from self-flux

The growth of the compounds in the substitution series YbNi4(P1−xAsx)2 was performed in
analogy to the growth of YbNi4P2 by Czochralski method [133]. We explored how the growth
conditions change due to the addition of arsenic as a fourth element. A quarternary phase
diagram of Yb-Ni-As-P compounds does not exist. An isothermal section (T = 870 K) of the
Yb-Ni-P phase diagram [33] as well as binary Ni-P [34] and Ni-As [29] phase diagrams can be
found in the literature. In the style of preliminary work [14, 133], the crystal growth in the
substitution series is performed from a Ni-P, Ni-P-As or Ni-As self-flux. The binary phase
diagrams show low melting eutectics, Ni80.4P19.6, with TE = 875◦C [34] and Ni76.6P23.4, with
TE = 897◦C [29]. Since the fraction of the pnictogen as well as the eutectic temperatures in
both eutectics are similar, we assumed to work near a Ni-P-As eutectic if we use the Ni-P
eutectic as a self-flux and replace P partially by As depending on the desired stoichiometry of
the substituted compound. The element combination of the high melting transition metal Ni
(TL = 1455◦C) with non metallic red P (sublimation at 416◦C) and the toxic As (sublimation
at 614◦C) as well as of Yb having a low boiling point (1196◦C) and a high vapour pressure
necessitates the preparation of a precursor in a closed Nb crucible.

Prereaction

The preparation of the precursor is performed in an inner crucible to avoid alloying of the
metallic melt with the Nb crucible. In preliminary work it was found that Al2O3 and C
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are attacked by the melt and BN is the most inert crucible material up to a temperature of
950◦C. We therefore used BN as the material for the inner crucible. The Nb crucible with
the inner BN crucible containing the elements was welded using an argon arc furnace. The
preparation of the precursor for the Czochralski growth is performed in three steps. (i) To
avoid the contamination of the melt with the crucible material BN, the reaction of P, As
with Yb and Ni was performed at comparatively low temperatures. For all compositions, the
closed Nb crucible was slowly heated up to 700◦C with a rate of 30 K/h and up to T 1

max with
a rate of 50 K/h. The maximum temperatures T 1

max for this process were reduced for higher
As contents and are listed in Tab. 2.2. This prereaction was done in a box furnace under
argon atmosphere. Since As is highly toxic, a bowl with iron powder was placed inside the
furnace to act as an arsenic absorber in case of a leakage of a Nb crucible. After this first
reaction, an inhomogeneous precursor was obtained which contained several binary, ternary
and quarternary phases.

No. xnom T 1
max [◦C] T 2

max [◦C] xseed

042 0.1 950 1400 0

044 0.1 950 1400 0

045 0.12 920 1420 0

046 0.15 920 1450 0

043 0.2 920 1420 0

047 0.2 920 1420 0.2

048 0.4 850 1550 0.2

049 0.6 850 1550 0.2

050 0.8 850 1400 0.2

051 1.0 850 1350 0

Table 2.2: Maximum temperatures of YbNi4(P1−xAsx)2 for different x (nominal values)
during the prereaction. T 1

max was used during the prereaction in the box furnace and T 2
max

was reached during the homogenization in the high frequency furnace. In the last column,
the As concentration of the seeds is listed.

(ii) The complete charge was removed from the BN crucible and placed in the cold
copper crucible of the high frequency furnace. The homogenization of the precursor as a
levitating melt was done under an Ar pressure of 20 bar. To complete the prereaction and
to ensure homogenization the precursor for each composition was heated 15-20 times upon
oscillating its temperature between 900◦C and T 2

max. This step was always finished when
the reflective surface of the melt was visible and the thin layer of oxides or high melting
phases at the surface of the melt slipped down to the bottom of the molten drop-shaped
precursor. (iii) In preliminary studies it turned out that the seeding is hindered by a layer
consisting of high-melting impurities. We therefore removed the impurity layer mechanically
and subsequently by rinsing in ethanol. These three steps, prereaction, homogenization and
cleaning, altogether caused a weight loss of 1-2% of the precursor.
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Czochralski growth from a levitating melt

The Yb-Ni-P/As melt exhibits a high reactivity with other materials leading to lack of inert
crucible material which makes the growth from a levitating melt indispensable. The purified
precursor was put in a cold copper crucible (Hukin-type). The Czochralski growth exper-
iment was started by melting the precursor with a radio-frequency induction coil applying
a power of 14 kW at maximum. After several minutes the precursor was homogenized due
to the strong stirring of the levitating melt and the seeding was started. The temperature
where the seeding was done was chosen ≈ 50◦C above the liquidus temperature TL. For
the seeding a single crystal seed prepared by a preliminary Czochralski growth experiment
was used. The As concentrations of the seeds used in the growth experiments are shown in
Tab. 2.2. The solidus and liquidus temperatures of the melts were determined pyrometrically
for all experiments and are shown in Fig. 2.7. The single crystal seeds were carefully ori-

Figure 2.7: The solidus temperatures Ts (red squares) and the liquidus temperatures TL

(black squares) were measured pyrometrically during cooling (heating) during the homoge-
nization step and mark the solidification (melting) of YbNi4(P1−xAsx)2 in flux for different
As concentrations x. The temperature where the seeding was done was set ≈ 50◦C above
TL.

ented along their crystallographic [001]-direction by Laue method in advance. In all growth
experiments, as soon as the process runs stable after dipping, the seed was pulled upwards
parallel to its [001]-direction. During the experiments, the total power reduction was about
30% within the process time of ≈ 50 h. All samples were grown in the same manner by
starting the growth with a pulling rate of ≈ 0.3 mm/h and reducing the speed of the pulling
rod after 24 h to 0.15 mm/h. In a flux-growth process such low growth rates are essential to
achieve inclusion-free samples. After pulling the crystal ≈ 12 mm with the low pulling rate,
the process was terminated by pulling faster (≈ 10 mm/h) to separate the sample from the
residual melt.
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The evaporation of phosphorous, arsenic and ytterbium from the melt was slowed down
by applying an argon pressure of 20 bar in the growth chamber leading to stable growth
conditions. Fig. 2.8 shows typical growth results.

Figure 2.8: Resulting YbNi4(P1−xAsx)2 single crystals. The samples with x = 0.15 and
x = 0.2 have not been separated from the residual melt. Due to a generator shut down
caused by a failure in the cooling water supply the residual melt solidified quickly at the end
of the growth process.

2.4.3 Structural and chemical characterization

The analysis of the single crystals regarding the As concentration was performed by EDX for
all samples in the same manner. Exemplarily, the analysis of a single crystal with a nominal
As concentration of 20% is shown in Fig. 2.9. The growth of the sample with x = 0.2 was
performed using an unsubstituted YbNi4P2 single crystal as the seed. The strong stirring of
the levitating melt is advantageous since it supports not only the homogenization, namely
the transport of the dopant but also the heat flux in the melt. It is known that low growth
velocities are necessary to obtain crystals without flux inclusions. The distribution coefficient
of As in the system κ = cAs

l /c
As
s with the concentrations of As in the melt cAs

l and in the
solid cAs

s , respectively, is not known and does not necessarily have to be exactly one [28].
A deviation from κ = 1 would lead to the enrichment or depletion of As in the melt and
an inhomogeneous As distribution in the grown crystal. The As distribution in the single
crystal, containing 20% As nominally, was investigated by EDX, and showed that the initial
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As:P ratio of the melt of 1:4 can be found all over in our sample except at the first part
which is connected to the seed. The seed consisted of YbNi4P2 (x = 0) and over a length
of about 2.5 mm the crystal structure included more and more As and the lattice adapted
to the new lattice constants. The analysis along radial lines (Cut A,B) and an axial line
(Cut C) on polished surfaces shown in Fig. 2.9, yields a homogeneous As concentration from
the center to the surface of the crystal. A similar analysis was performed on all grown
single crystals. A part of each YbNi4(P1−xAsx )2 sample was investigated by PXRD and the

Figure 2.9: Upper panel: The as-grown sample with the nominal composition of
YbNi4(P0.8As0.2)2 is shown in the inset. The single crystal seed (1) consisted of YbNi4P2

and was oriented along the [001]-direction. The determination of the As content which was
determined using EDX of region (2) of the grown sample is shown in the main figure. The
growth was terminated with a faster growth velocity leading to the incorporation of flux in
part (3) of the sample. The figure shows the As content along the axial cut C.; Lower panel:
The real As content y in the grown sample along two radial lines, A and B in dependence of
the distance from the center of the sample. Figure (under CCA 3.0 licence) taken from [48].

measurements confirmed the P42/mnm tetragonal structure in the whole substitution series.
The lattice parameters are summarized in Tab. 2.3 and Fig. 2.11. The structure refinement
using the General Structure Analysis System (GSAS) [49, 140] yields an enlargement of the
unit cell with increasing As content as expected. Both lattice constants li(x) increase linearly
with x leading to an enlargement of the unit cell volume VYbNi4As2 = 1.09VYbNi4P2. The
normalization of the data to the lattice constants of YbNi4P2 shows that the lattice constant
a increases by ≈ 2 % while the increase is larger for the lattice constant c (≈ 4.5 %).

The orientation of the single crystals was determined using the Laue method. Con-
ventional x-ray Laue devices use radiation from, for instance, a tungsten anode for this
examination. The penetration depth of this radiation is typically only few µm for metal-
lic samples which hinders the investigation of large single crystals. Additionally the beam
diameter is only of ≈ 0.5 mm in width and usually large surfaces have to be investigated
point by point. Besides x-rays we therefore also used neutrons to check the crystallinity of
the single crystals. The neutron beam has a penetration depth in the cm range and a beam
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Figure 2.10: Left: X-ray Laue pattern of an YbNi4P2 single crystal oriented along the
crystallographic [001] direction. Right: As grown YbNi4(P0.88As0.12)2 single crystal. The
single crystals develop natural {110} faces.

diameter (determined by the respective pinhole) of ≈ 6 mm. That means that the whole
bulk of large samples interacts with the beam at the same time. In case that the sample
exhibits grain boundaries and multiple single crystal grains, this shows up in the respective
Laue pattern as demonstrated in the right panel Fig. 2.12. The sample, that was investi-
gated here had an even surface, started to develop faces and did not show any signs of an
intrinsic misalignment from its outer shape. All x-ray Laue pattern taken from this sample
showed sharp Laue reflections. The investigation by neutron Laue backscattering yielded
that there are at least two single crystal grains in the sample and that the misalignment
between the grains is about 1-2%. An open question is, if it would be possible to detect such
small misaligned by optical methods, like e.g. polarization microscopy, to avoid expensive
neutron Laue investigations.

2.5 Synthesis and characterization of LuNi4P2

LuNi4P2 was prepared in a polycrystalline form as a non-magnetic reference compound for
YbNi4P2 and the substitution series.
Phase pure polycrystalline LuNi4P2 was prepared in three steps according to [142] and
[143]. A stoichiometric mixture of lutetium pieces (99.9%, Strem Chemicals), nickel powder
(99.99%, ChemPur GmbH) and phosphorous pieces (99.999%, Mining & Chemical Products
Ltd.) was sealed in an evacuated fused silica ampoule and prereacted at 800◦C in a muffle
furnace for three days. Afterwards, the sample was melted and homogenized in an arc
furnace under argon atmosphere (purity 99.999%), grinded and pressed into pellets. The
pellets again were sealed in an evacuated fused silica ampoule and annealed in a muffle
furnace at 800◦C for three days.
Powder x-ray diffraction measurements confirmed the P42/mnm tetragonal structure with
lattice parameters a = 7.047(6) Å and c = 3.583(4) Å, which is in agreement with the data
published for polycrystalline samples [142].
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xnominal xEDX a [Å] c [Å] V[Å3] λ [Å] Reference

0 0 7.0565(2) 3.5877(1) 178.65 [121]

0 0 7.0560(3) 3.5876(5) 178.63 1.5418 [133]
0 0 7.0585(1) 3.5888(2) 178.80(4) 0.71069 this work

0.1 0.13 7.0706(2) 3.6010(7) 180.03(1) 0.71069 this work

0.2 0.2 7.0803(5) 3.6131(2) 181.13 1.5418 [48]

0.2 0.2 7.0838(2) 3.6145(3) 181.37(9) 0.71069 this work

0.4 0.4 7.1182(4) 3.6512(1) 185.00(5) 0.71069 this work

0.6 0.58 7.1500(8) 3.6889(2) 188.59(2) 0.71069 this work

0.8 0.79 7.1797(5) 3.7243(1) 191.98(3) 0.71069 this work

1 1 7.2035(1) 3.7513(6) 194.66(0) 0.71069 this work

1 - 7.216(4) 3.756(2) 195.61 [141]

Table 2.3: Lattice parameters a, c and the volume V of the unit cell of YbNi4(P1−xAsx)2

were determined from x-ray powder data recorded by using the characteristic lines of Cu or
Mo-radiation of wavelength λ.

Heat capacity and electrical resistivity

The specific heat of the reference compound was measured using exactly the same parameters
like for the measurement of YbNi4P2. The specific heat capacity C(T ) of LuNi4P2 from 2
- 200 K is presented in Fig. 2.17. For T > 200 K, C(T ) approaches the classical Dulong-
Petit limit of 7 · 3R ≈ 175 Jmol−1K−1. Below 10 K, C(T ) of LuNi4P2 can be described by
C/T = γ0 + βT 2 which is shown in the inset of the figure. The Sommerfeld coefficient is
γ0 = 15.6 mJmol−1K−2 and from the slope β = 0.183 mJmol−1K−4 of the linear fit a Debye
temperature of ΘD = 420.5 K was determined. The electrical resistivity ρ(T ) of LuNi4P2,
grey curve in Fig. 2.16, shows the behaviour of a normal metal between 1.8 and 300 K.
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Figure 2.11: Left: Normalized lattice parameters of YbNi4(P1−xAsx)2 determined by Ri-
etveld refinement. The size of each point exceeds the statistical error. Right: X-ray powder
diffraction data of the (1 0 1) reflection measured at 300 K with various substitution levels.
The enlargement of the unit cell for increasing x is obvious from the shift of the reflection
to smaller angles. Silicon was used as standard and position of the Si (1 1 1) reflection is
shown for comparison.

Figure 2.12: Neutron Laue backscattering images with incident beam parallel to the [110]-
direction; (a) YbNi4P2. (b) YbNi4(P1−xAsx)2, x = 0.2. (c) In the enlarged red box marked in
Fig. (a) sharp Laue reflections are visible. (d) In the enlarged red box marked in Fig. (b) each
Laue reflection splits up indicating the existence of at least two large single crystal grains in
the sample. The Laue pattern were recorded at the ILL by O. Stockert (MPI CPfS).
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2.6 Characterization of physical properties

2.6.1 YbNi4P2: Electrical resistivity

YbNi4P2 was found to be a Kondo lattice system with a Kondo temperature of TK ≈ 8 K
revealed from specific heat measurements on powder samples. The occurence of coherent
Kondo scattering was observed in the resistivity which steeply decreases below 20 K [121].
Resistivity measurements from 2− 300 K on small Bridgman grown YbNi4P2 single crystals
show an anisotropy between the j ‖ c and the j ⊥ c-direction [118]. A further measurement
on single crystals gave absolute values at 300 K of 90µΩcm for j ‖ c and 160µΩcm for
j ⊥ c-direction [14]. Until now, all reported resistivity measurements on single crystals were
performed on crystals grown by the Bridgman method. This method yields thin needle
shaped crystals of about 2 − 3 mm along the [001]−direction and of 0.5 − 0.7 mm in the
perpendicular extension.

Here, we have investigated the electrical transport properties down to 1.8 K of single
crystal samples which were cut from one large crystal [48]. This single crystal had a conical
shape with a diameter of 3− 9 mm and a length of 14 mm. It belongs to a new generation of
single crystals grown by the Czochralski method from a levitating melt [133]. From this crys-
tal, samples for the electrical transport measurement were cut using a spark erosion device.
The samples had initial dimensions of ≈ 3 mm× 0.5 mm× 0.15 mm and were oriented along
the crystallographic main symmetry directions [100], [110] and [001]. Electrical transport
measurements were performed between 1.8 and 300 K using the ACT option of a commercial
PPMS (Quantum Design).

For a tetragonal material Ohm‘s law reads

~j =

 σa
σa

σc

 ~E, ρ =
1

σ
(2.1)

with σa being the isotropic conductivity in the basal plane and σc the conductivity along
the c direction for the electrical field ~E. The coordinates are chosen such that the z axis
is oriented along the crystallographic c-direction. Our Czochralski-grown YbNi4P2 single
crystals reproduce the temperature dependence of the reported data as shown in the main
part of Fig. 2.13 and with them it is also possible to resolve the temperature dependence of
the resistivity ρ100 and ρ110 of the in-plane directions. As expected according to Eqn. 2.1,
the resistivity is isotropic in the a − a plane. We determined the absolute values at room
temperature applying

ρ(T ) =
ab

lI
U(T ) (2.2)

with the width a, the thickness b of the sample, the contact distance l and the applied
constant current I and measured voltage U . For j ‖ 001 we determined the resistivity
ρ001(300 K) = 60µΩcm, for j ⊥ 001 we found ρ110(300 K) = 70µΩcm. The absolute value
determined for the [100]-direction agrees with that of the [110]-direction. For comparison,
the resistivity of the non-magnetic reference LuNi4P2 was measured and is shown in the
inset of Fig. 2.13. For the determination of the absolute values, the measurement device
(U , I) as well as the geometry of the samples (a, b, l) have to be considered as sources
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for uncertainties. In the resistivity measurement, the main contribution to the uncertainty
comes from the geometry factors ∆a/a ' 3%, ∆b/b ' 3% and ∆l/l ' 1%. The uncertainty
of the voltage ∆U/U is between 1% and 3% for different temperatures. The uncertainty of
the current [144] with ∆I/I ' 5 · 10−4% is negligible.
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Figure 2.13: Left: Electrical resistivity ρ as a function of temperature from 1.8 K to 300 K
measured with current j perpendicular (j ‖ 100 and j ‖ 110) and parallel to the crystallo-
graphic c-axis. The inset shows the electrical resistivity measured on a polycrystalline sam-
ple of LuNi4P2. The resistivity ratio was determined to be ρpoly(300 K)/ρpoly(1.8 K) = 7.4.
Right: Ratio of the normalized electrical resistivity ρi of measurement i divided by the av-
erage resistivity ρav for the respective current direction as a function of temperature. The
samples were thinned down in two steps from 0.15 (i=1, curve (1)) to 0.09 mm (i=3, curve
(3)). In the inset, an oriented sample with the four platinum wire contacts prepared for the
measurement is shown. Figure (under CCA 3.0 licence) taken from [48].

The aim of our optimization of the crystal growth process is to minimize the crystal
defects. Indispensable is the use of high-purity starting materials. The contamination of
the melt by crucible materials has to be avoided. Low growth rates avoid flux inclusions.
Adjusting the temperature during the growth experiment to the lowest possible value re-
duces the evaporation of the elements and therefore a shift in the stoichiometry. At lowest
temperatures, the scattering on crystal defects is the only contribution to the resistivity.
Therefore, the resistivity ratio RR1.8 K = ρ(300 K)/ρ(1.8 K) is an indicator for the amount
of crystal defects.

For six different samples, which were cut from the same single crystal, different RR001
1.8 K

values between 11 and 17 were found. For the purest sample, we determined the absolute re-
sistivity value to be ρ001(1.8 K) = 3.5µΩcm. In the other case, if the current is perpendicular
to the c-direction, RR110

1.8 K and RR100
1.8 K, respectively, spread less for the six examined sam-

ples. The values are between 3.00 and 3.07. The absolute value is ρ110(1.8 K) = 22.8µΩcm.
The large variation in RR001

1.8 K can be caused by a misalignment of the four contacts for
the current and voltage measurement. During the growth small-angle grain boundaries can
evolve in a single crystal. They lead to the distorsion of the lattice and enhance the residual
resistivity. A further analysis by Laue method is required to clarify the origin of the variation
of RR001

1.8 K.
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RRR RRR RR4.5 K RR4.5 K

Sample No. j||a j||c j||a j||c
040-2-6 11.5 60 - -
040-2-6-4 - 39 - -
041-st1 - - 1.8 4.3
041-st2 10.5 - 1.8 4.3

Table 2.4: RRR and RR4.5 K with j||a and j||c determined for selected samples cut from
Czochralski grown single crystals (040 and 041).

A common technique to improve the crystallinity of materials is annealing. An experi-
ment at 800◦C in an inert atmosphere for 5 days yields an increase of 25% of RR001

1.8 K. Due to
the large anisotropy for the different current directions, it is not clear if this improvement is
the result of the annealing procedure or was caused by a slight misalignment of the contacts
during the resistivity measurement. For further annealing studies with different parameters,
well cut samples with a precise orientation are necessary. We investigated the influence of
grinding and polishing to the residual resistivity ratio. Two samples cut from the single
crystal were oriented along the [110] and the [001]-direction. They were thinned down in
two steps from 0.15 to 0.09 mm and the respective temperature dependence of the resistivity
ρ1, ρ2, ρ3 (curves (1-3)) was measured and is shown on the left hand side of Fig. 2.13. We
determined from our data for each current direction the ratio ρi/ρav with ρav = (ρ1 ·ρ2 ·ρ3)1/3

to investigate if our polishing procedure causes stress and strain in the samples and therefore
influences the sample quality. The right part of Fig. 2.13 shows that RR1.8 K slightly varies
between the different thicknesses labelled by (1), (2), (3). For the current parallel to the
c-direction, the polishing reduces the value of ρ001(1.8 K). For the perpendicular direction,
the opposite effect occurs. This result might be caused by the anisotropy of RR1.8 K. In
the thinner sample the ideal current flow without a perpendicular component is approached.
That means that the current is confined to the [001] or the [110]-direction and the respec-
tive perpendicular current component is reduced upon thinning down the sample. For the
[001]-direction ρi becomes smaller for increasing i leading to a larger RR1.8 K and for the
[110]-direction ρi becomes larger leading to a smaller RR1.8 K value. This investigation also
demonstrates that the polishing procedure itself seems not to enlarge the number of crystal
defects.

Low-temperature characterization

The low-temperature characterization is presented in Fig. 2.14 and Tab. 2.4. The electrical
resistivity of Czochralski grown single crystals demonstrates their high purity. For j ‖ c we
obtained RRR = 39 (sample 040−2−6−4) which is much larger than the value RRR = 16
obtained for previous Bridgman grown samples [14]. In Fig. 2.14, (b), the low-temperature
data for j ‖ c are shown. The precision of the measurement was improved by performing the
measurement on a micro-structured single crystal. The micro-structuring was done using
the FIB technique, see for an example Fig. 3.5 on page 83.

Additionally, the electrical resistivity has been investigated in field by S. Friedemann
(University of Bristol). Fig. 2.15 shows that quantum oscillations in the magnetoresistance
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Figure 2.14: YbNi4P2 (a) Normalized electrical resistivity ρ(T )/ρ(300 K) as a function of
temperature measured with j ‖ c (red) and j ⊥ c (black). Curves (1) and (2) show the
resistivity measured on Czochralski grown samples (040, 041). The light red curve (3) and
the grey curve (4) show the data published in [14] for comparison. In (b) the resistivity
measured on a FIB micro-structured sample (red) and a not micro-structured bulk single
crystal (black) in the low temperature region is depicted. The ferromagnetic phase transition
is indicated by a kink in the curve at TC = 150 mK. The measurements have been performed
by S. Friedemann (Bristol) and S. Hamann (MPI CPfS).

have been observed above ≈ 15 T. Oscillation up to a frequency of 1.6 kT were detected.
Higher oscillations frequencies (≈ 6 kT) corresponding to larger Fermi surfaces are expected
to exist [145]. The further optimatization of the crystal growth is necessary since these
frequencies can only be observed in purer samples. Nevertheless, the first derivative of the
resistance dρ/dB (lower panel) clearly shows more pronounced kinks in the data obtained
from the Czochralski-grown single crystal (red curve) in comparison to the data obtained
from the Bridgman-grown single crystal (grey curve). The Czochralski-grown single crystals
enabled us to resolve signatures of possible Lifshitz transitions in the magnetoresistance at
T ≈ 0.4 K (see Sec. 2.6.8 and [105]). The fields at which the transitions occur are indicated
by vertical dashed lines in Fig. 2.15.
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Figure 2.15: Comparison between the magnetoresistance of Bridgman (batch 63524 C. Krell-
ner, MPI CPfS) and Czochralski grown (sample 040− 2− 6, this work) single crystals. The
low temperature measurements have been performed by S. Friedemann (Bristol).

2.6.2 YbNi4(P1−xAsx)2: Electrical resistivity

In the past, samples of the substitution series YbNi4(P1−xAsx )2 with As-contents up to
x = 0.13 have been investigated and the material was studied close to the FM QCP [14].
Until now, the T − x phase diagram is incomplete due to a lack of samples with x > 0.13.
To observe the emergence of Fermi liquid behaviour in the system, samples with higher As
concentrations are required.
In this section, we present the characterization of the electrical resistivity of our arsenic
substituted samples between 1.8 K and 300 K. The results are presented in Fig. 2.16. In
the upper row, the normalized electrical resistivity ρ/ρ(300 K) is shown as a function of
temperature measured with current parallel to the crystallographic a-axis, j ‖ 100 (a),
and parallel to the c-axis, j ‖ 001 (b). For j ‖ 100 a clear maximum in the resistivity
appears for x ≤ 0.2 which broadens for higher arsenic concentrations. The grey curve shows
the electrical resistivity ρLu(T ) measured on a polycrystalline sample of the non-magnetic
reference compound LuNi4P2 [48] to estimate the phonon contribution to the resistivity. In
the logarithmic plot of the difference data

ρmag =
ρ(YbNi4P2)

ρ(YbNi4P2, 300 K)
− ρ(LuNi4P2)

ρ(LuNi4P2, 300 K)
(2.3)

a broad maximum at T ρK can be traced which appears for all arsenic concentrations and
both crystallographic directions. We give no absolute values for the difference data since the
polycrystalline non-magnetic reference has a lower RRR than the single crystalline samples
and the difference becomes negative.
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x Aj‖a T ρfit Aj‖c T ρfit

[µΩcm/K2] [K] [µΩcm/K2] [K]

0.6 0.59 3 0.19 3

0.8 0.07 10 0.037 6

1 0.0033 10 0.0032 10

Table 2.5: Resistivity A coefficient (Eqn. 1.15) determined for YbNi4(P1−xAsx )2 with x ≥
0.6. T ρfit is the temperature below which the resistivity can be described by ρ(T ) = ρ0 +AT 2.

Crystal electrical field and Kondo effect

The position of the maxima T ρK shown for both current directions in the difference data in
the lower row of Fig. 2.16 shifts within the substitution series and is indicated by dashed
lines in the figures of the upper row. The appearance of this maximum is not only caused
by the Kondo effect but also by the CEF. This well known behaviour has been studied
in CeRu2Ge2 under pressure [146] and was also observed in CeCu2Si2 [147]. A theoretical
description of the resistivity of Ce compounds with and without magnetic order at low
temperatures including CEF and Kondo effect was provided by Lassailly et al. [148]. In
CeRu2Ge2, a maximum in the magnetic part of the resisitivity occurs. The maximum in
ρmag(T ) develops near room temperature for intermediate pressures which is attributed to
originate from the Kondo exchange interaction between the conduction electrons and the
crystal field split ground state of the Ce3+ ions. In the YbNi4(P1−xAsx)2 series, the negative
chemical pressure increases with increasing As content. Or looking the other way round,
positive chemical pressure is applied by substituting As in YbNi4As2 by smaller P atoms.
For the pure As compound x = 1, a maximum in ρmag(T ) (Fig. 2.16, lower row) occurs
at high temperatures and upon increasing P content this maximum broadens and seems
to be superposed by a second maximum (Kondo maximum) which shifts to lower T . This
leads to the conclusion that also in this system besides Kondo interaction CEF effects are
observable in the electrical resistivity. In the YbNi4(P1−xAsx)2 series, it is not possible to
clearly separate both effects.

Anisotropy and shift of the Kondo maximum

The inset of Fig. 2.16 (a) shows a strong anisotropy in the position of the broad maximum
T ρK with respect to the two current directions at low arsenic concentrations. This anisotropy
disappears when approaching higher arsenic concentrations. For j ‖ c, the Kondo maximum
shifts towards lower temperatures upon approaching the quantum-critical arsenic concentra-
tion at x ≈ 0.1.

Fermi-liquid behaviour

FL behaviour is observable in the YbNi4(P1−xAsx)2 series for x ≥ 0.6 below a temperature
T ρfit. The resistivity can be described by ρ(T ) = ρ0 + AT 2 the respective coefficients are
summarized in Tab. 2.5. The A coefficient increases in the substitution series for decreasing
arsenic content. Since A ∝ (m∗)2, we find, as expected, that the correlation effects become
stronger for lower arsenic contents.
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Figure 2.16: Normalized electrical resistivity ρ/ρ(300 K)(T) from 1.8 K to 300 K measured
with current parallel to the crystallographic a-axis, j ‖ 100 (a), and parallel to the c-axis,
j ‖ 001 (b). The grey curve shows the electrical resistivity of the non-magnetic reference
LuNi4P2 [48]. The shift of the broad maximum for both current directions in the difference
data, ρmag(T ), is indicated by dashed lines. The inset of Fig. (a) shows the temperatures
where the maxima Tmax in the resistivity occur, evaluated from the data in (c) and (d). The
figures in the lower row show ρmag(T ) obtained by subtraction of the LuNi4P2 reference data
(note the logarithmic temperature scale).

58



YbNi4P2 and YbNi4(P1−xAsx)2 2.6. PHYSICAL PROPERTIES

Disorder

The resistivity ratio RR1.8 K = ρ(300 K)/ρ(1.8 K) is regarded as an indicator for the amount
of crystal defects and disorder (see Sec. 1.6). In the substition series YbNi4(P1−xAsx)2, As
(P) atoms act as impurities in the P-rich (As-rich) single crystals and cause disorder. The
disorder reaches its maximum for x = 0.4 where RR1.8 K is minimal as it can be seen in
Fig. 2.16, (c) and (d).

2.6.3 YbNi4P2: Heat capacity

HC measurements were performed using the commercial measurements options of a Quantum
Design PPMS. To determine the magnetic part of the specific heat at high temperatures,
it is necessary to subtract the phonon contribution, which is dominant in this temperature
range. For this reason, the nonmagnetic reference compound LuNi4P2 was synthesized, which
is described in section 2.5. The compound LuNi4P2 is isostructural to YbNi4P2, whereas its
f -shell contains an additional electron, therefore is completely filled and nonmagnetic. The
phonon spectrum of both compounds can be considered as nearly equal since the masses
of Yb and Lu differ only by less than 1%. The specific heat of LuNi4P2 was measured as
a function of temperature from 1.8 to 200 K and is shown in figure 2.17. The magnetic
contribution to the specific heat C4f was obtained by subtracting the specific heat CLu of
the non-magnetic reference compound LuNi4P2 from the specific heat CYb of YbNi4P2. Two
YbNi4P2 samples Yb1 (5.45 mg), Yb2 (9.99 mg) and two LuNi4P2 samples Lu1 (10.50 mg),
Lu2 (16.63mg) were measured from 2 − 200 K as shown in Fig. 2.17. By subtracting the
reference data from the sample data in the four possible combinations the reliability of the
temperature range of the C4f data becomes appearent. From 2 to 50 K all data sets are equal
within the error bars. The accordance gets worse for 50 ≤ T ≤ 100 K and for T > 100 K
the error caused by the long relaxation time in the relaxation method gets large and the
obtained data sets differ. For the comparison with the fits done by Zita Hüsges Fig. 2.18,
the data set obtained from the two smallest samples were chosen since these data measured
by the relaxation method are most reliable in this temperature range. Each transitions to
an excited CEF level yields a Schottky contribution to the heat capacity which enables us
to estimate the third CEF level which was not detectable by INS.

Determination of the CEF levels from INS and HC

In the solid, an ion is surrounded by neighbouring ions, which cause an electric field at the
site of the ion in the center. In the CEF, the (2J + 1)-fold degeneracy of the ground state
multiplet J splits up as introduced in Sec. 1.4.1. The typical splitting energies are between
10 and 100 meV [72]. Kramers theorem states, that for an odd number of electrons in the
outer shell, the degeneracy of the CEF states is at least two, leading to a doublet ground
state. The Yb3+ ions in YbNi4P2 are located on the same crystallographic position, therefore
one expects the same CEF scheme for all Yb3+ ions. The outer 4f shell of Yb3+ is filled
with 13 electrons, i.e. a single hole. Due to spin-orbit coupling, J = 7/2 and J = 5/2 are
possible total angular momenta of the 4f shell and by the third Hund’s rule the ground
state should be J = 7/2 (Tab. 1.2). Therefore, it is 2J + 1 = 8 fold degenerated. It splits
up into doublets under the influence of the CEF which is a pure electrostatic interaction.
Hence, at maximum, three CEF transitions should be observed. In preliminary work, the
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Figure 2.17: Left: YbNi4P2: C4f (T ) for different samples; Right: HC of YbNi4P2 and
LuNi4P2 measured from 2 to 200 K. For T > 200 K C(T ) approaches the classical Dulong-
Petit limit of 7 · 3R ≈ 175 J/molK. C(T )/T versus T 2 exhibits linear behaviour below 10 K
as shown in the inset.

neutron scattering intensity of YbNi4P2 as a function of energy and wave vector transfer at
1.6 K showed that two main features can be distinguished in the inelastic regime: Intensity
maxima due to magnetic excitations (E ≈ 5 to 15 meV) and intensity maxima due to phonon
excitations (E ≈ 12 to 22 meV) [125]. A two peak fit of the magnetic intensity of YbNi4P2

at momentum transfer at Q =(2.5 ± 0.5) Å−1 and T = 1.6 K yield transition energies of
(8.5± 0.5) meV and (12.5± 0.5) meV. At the beginning of this work, no heat capacity data
for T > 10 K had been published. To identify also the third transition between the CEF
levels, heat capacity measurements as part of this work have been performed from 1.8 - 200 K
as shown in Fig. 2.17. Since transitions to excited CEF levels yields Schottky contributions
to the heat capacity, these data can be compared with the INS results. In the simple case
of a four-level scheme with equal degeneracy of all levels, the contribution is given by:

CSchottky
p =

R

(kBT )2
(∆2

1e
− ∆1
kBT + ∆2

2e
− ∆2
kBT + ∆2

3e
− ∆3
kBT

+(∆2 −∆1)2e
−∆1+∆2

kBT + (∆3 −∆1)2e
−∆1+∆3

kBT + (∆3 −∆2)2e
−∆2+∆3

kBT )

(1 + e
− ∆1
kBT + e

− ∆2
kBT + e

− ∆3
kBT )−2. (2.4)

In YbNi4P2 also the Kondo-broadening of all levels is expected to influence the specific heat
and has to be included in this model. A complete theoretical description including all higher
levels was not applied. Here, the Kondo broadening of the ground-state doublet was included
according to Desgranges [149] together with a further extension proposed by Romero [150]
which also accounts for the broadening of the first excited level. For details of the modelling
see [129]. In the temperature range above 100 K the magnitude of the phonon contribution is
about 30 times larger than the contribution to the specific heat stemming from the transition
between excited CEF levels (Fig. 2.17). Additionally the error bars in the data measured by
the relaxation method become larger at higher temperature since these are obtained from
the subtraction of two quantities which have nearly the same value. As shown in Fig. 2.18,
the HC data have been modelled assuming different values for the third CEF level. Good
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Figure 2.18: Temperature dependence of the heat capacity of YbNi4P2 measured from 2
- 200 K. Two CEF levels E1 = 8.5 meV and E2 = 12.5 meV have been determined by
neutron scattering in preliminary work [126] while the third level was not detectable. The
figure shows the comparison of the heat capacity data with a model proposed by Desgranges
and Schotte [149] (left frame) and according to Romero et al. [150] (right frame) assuming
different values for the third level, the modelling was done by Zita Hüsges [129].

accordance in the low temperature range was found for E = 20 meV (blue curve), while the
height of the maximum in Cmag = C4f is fitted better for E = 30 meV (pink curve). Thus,
Fig. 2.18 shows that from none of the proposed approaches a clear statement concerning
the third CEF level can be made but both models suggest that the third level is at higher
energy than the two which have been observed with neutron scattering before. Nevertheless
combining the neutron and heat capacity data suggests a level scheme: E1 = 8.5 meV,
E2 = 12.5 meV and E3 ≈ 25 meV which is close to the set of energy eigen values obtained
using NMR data (Eqn. 2.6).

2.6.4 YbNi4(P1−xAsx)2: Heat capacity

Measurements of the specific heat of YbNi4(P1−xAsx )2 from 5 K down to 350 mK were per-
formed in collaboration with J. Banda (MPI CPfS), for T > 2 K, the data were partly
recorded by P. Ross (Goethe University Frankfurt). The specific heat divided by the temper-
ature C/T is presented in Fig. 2.19. In the substitution series, for x = 0.8 (1.0), FL behaviour
is observed below 5 K (6 K) with enhanced Sommerfeld coefficients γ0 = 158 mJ/molK2

(96 mJ/molK2). The Debye temperatures determined from the slope of C/T = γ0 + βT 2

using Eqn. 1.11 with s = 7 are listed in Tab. 2.6. For x = 0.6 (x = 0.4, x ≤ 0.2), C/T
increases below 10 K up to C/T (350 mK) = 396 mJ/molK2 (754, 1120 mJ/molK2) and no
saturation is reached down to 350 mK. The high-temperature part of the specific heat of
YbNi4P2 was used to obtain information on the CEF which is discussed in Sec. 2.6.3.

For YbNi4(P1−xAsx )2 with x ≥ 0.8, the Kadowaki-Woods ratio A/γ2
0 (Eqn. 1.16) does

not reach the universal value of 10µΩcmK2mol2/J2 for heavy-fermion compounds (Tab. 2.6).
While the pure phosphorous compound with γ0 ≈ 2000 mJ/molK2, A ≈ 52µΩcm/K2 and
A/γ0 = 13µΩcmK2mol2/J2 [121] is located on the heavy-fermion line (solid line) in Fig. 2.20,
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Figure 2.19: Left: C/T (T ) of YbNi4(P1−xAsx )2 for 0 ≤ x ≤ 1 from 350 mK to 50 K. Right:
Low temperature part of C/T for x ≤ 0.2.

x γ0 ΘD THC
fit Aj‖a/γ2

0 Aj‖c/γ2
0

[J/molK2] [K] [K] [µΩcmK2mol2/J2] [µΩcmK2mol2/J2]

0.8 0.158 224 5 2.8 1.5

1 0.096 213 6 0.36 0.35

Table 2.6: Sommerfeld coefficients, Debye temperatures (Eqn. 1.11), determined for
YbNi4(P1−xAsx )2 with x ≥ 0.8. THC

fit is the temperature below which C/T saturates and fol-
lows C/T (T ) = γ0 + βT 2. The Kadowaki-Woods ratio A/γ2

0 was evaluated for both current
directions.

YbNi4As2 is characterized by this ratio as a transition metal without strong correlations
(dashed line). YbNi4(P1−xAsx )2, x = 0.8 is situated inbetween the heavy-fermion and the
transition-metal line.

2.6.5 YbNi2P2: Magnetization

Magnetic anisotropy

The anisotropy of the susceptibility of YbNi4P2 was determined using a rotator insert in a
MPMS system. The rotator allows for a precise orientation of the sample which is important
especially for samples with a high anisotropy. The data, shown in Fig. 2.21, have been
recorded by M. Baenitz (MPI CPfS). With the rotator insert it is possible to rotate the
sample between 0 ≤ φ ≤ 300◦ towards an applied magnetic field during a magnetization
measurement. The aim of our investigation was to figure out whether the detection of an
anisotropy in the in-plane susceptibility between the [100] and the [110] direction is possible.
This anisotropy would cause a 90◦ periodicity in the in-plane data. For the measurement
a well oriented single crystal (040) with m = 49.63 mg cut in a cubic shape was used. The
comparitively large sample mass was necessary to detect the signal in the background (which
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Figure 2.21: YbNi4P2: (a) Temperature dependence of the susceptibility χ(T ) for field par-
allel to the two crystallographic main symmetry directions a and c. (b) Angular dependence
of the susceptibility χ(φ) at T = 300 K upon rotation around the (010) axis. The anisotropy
χc/χa = 1.16 at 300 K, amounts to χc/χa = 2.2 at 10 K. The data show a slight assymmetry
which is caused by a misalignment of the sample of about 0.5◦. (c) The angular dependence
of the susceptibility χ(φ) at 25, 50, 75 and 100 K for B = 7 T upon rotation around the (001)
axis shows that there is no detectable anisotropy of the a − a in-plane susceptibility. The
data were recorded by M.Baenitz (MPI CPfS).
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is large due to the rotator insert). At low temperatures and high fields the measurement was
hampered by heating effects upon rotating the sample. In Fig. 2.21 (a), the susceptibility
for B ‖ 100 and B ‖ 001 is shown. The sample was rotated upon the (010) axis and shows
an anisotropy between the two main symmetry directions, Fig. 2.21 (b). The anisotropy
amounts to χc/χa = 1.16 at 300 K, χc/χa = 2.2 at 10 K and increases up to χc/χa = 4.5
at 1.92 K (determined by VSM) which is in agreement with previously reported data [118].
No detectable anisotropy was found by rotation upon the (001) axis, Fig. 2.21 (c). This
is different from e.g. the tetragonal compound Yb2Pt2Pb where a detectable anisotropy at
fields below 10 T accessible in the laboratory was reported. Here, different saturation values
for field along the [100] and the [110] direction occur [151, 152].

CEF: Comparison with the high field magnetization

YbNi4P2 crystallizes in the ZrFe4Si2-type structure. The occuring symmetries allow for the
classification in the space group P42/mnm. It has to be noted that the environment of the
Yb ions in the tetragonal crystal structure is orthorhombic as illustrated in Fig. 2.22. We
have studied this compound in high magnetic field to compare our data with the simulation
according to the CEF scheme that has been determined in preliminary work [129] and is also
discussed in Sec. 2.6.3. YbNi4P2 has a Kondo temperature of about 8 K [121] and it is not
possible to reach the saturation magnetization in fields up to 12 T at lowest temperatures. To
determine the ground state doublet in the spin bases, the values of the magnetization where
saturation is reached is useful. Alternatively, these values could be obtained by measuring
the ESR g-factors but so far no ESR signal was detected in YbNi4P2 in the paramagnetic
regime.

The magnetization measurements have been performed on YbNi4P2 single crystals which
were cut from one large crystal which belongs to a new generation of single crystals grown
from a levitating melt by the Czochralski method [133]. The single crystal was oriented using
the x-ray Laue backscattering technique. The samples used in the high field measurement
had dimensions of only ≈ 1 mm × 1 mm × 0.5 mm to avoid too large signals and the over
bending of the cantilever. They were oriented along the crystallographic main symmetry
directions [100] and [001]. Magnetization measurements up to B = 9 T were performed
using the VSM option of a PPMS. The high-field magnetization measurements have been
performed up to 12 T by M. Brando (MPI CPfS) and using the 33 T magnet at the High
Field Magnet Laboratory Nijmegen, Netherlands (HFML) in collaboration with O. Young
and U. Zeitler. The magnetization was determined in a static field via the torque using a
cantilever. Additionally, measurements in pulsed field up to 58 T have been performed by
T.Förster at the Helmholtz Zentrum Dresden-Rossendorf (HZDR).

The CEF usually is described in the frame of the Stevens operator formalism [57]. The
Hamiltonian of a single Yb3+ ion consisting of the CEF term and the Zeeman term takes
the form

Ĥ = Ĉ − α gJ µB ~̂J · ~B (2.5)

with Ĉ =
∑

lmB
m
l O

m
l ( ~J) containing the CEF parameters Bm

l and the Stevens operators

Om
l ( ~J) with ~J being the total angular momentum. In Eqn. (2.5), the exchange interaction

as well as hyperfine coupling are neglected since their energy scales are small compared to the
CEF. For the Yb ion in YbNi4P2 nine Stevens operators, O0

2, O2
2, O0

4, O2
4, O4

4, O0
6, O2

6, O4
6,
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O6
6 determine the Hamiltonian. The CEF scheme of YbNi4P2 was determined in preliminary

work by Z. Hüsges [129, 153] using the energy-level scheme obtained by neutron scattering
[126, 154], NMR and susceptibility data [118] as input. The applied fitting procedure yielded
the energy eigenvalues

E1 = 8.1 meV, E2 = 12.1 meV, E3 = 29.5 meV. (2.6)

With the Boltzmann constant kB = 0.0861 meV/K, the corresponding temperatures are

E1/kB = 94 K, E2/kB = 140 K, E3/kB = 342 K.

From the energy eigenstates
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(2.7)

it is obvious that the main contribution to the ground state of YbNi4P2 is Jz = ±5/2.
Starting from this set of energies and eigenstates the magnetization of YbNi4P2 can be
predicted to compare it with the high-field data. The calculations leading to the simulations
shown in this section have been performed by M. Hofmann-Kliemt, for details see [155].
We performed high-field magnetization measurements to check to which level the proposed
CEF scheme is able to predict the field dependence of the magnetization data. In Fig. 2.24,
the measured (grey and black curves) and calculated magnetization (red solid line) at 4.2 K
up to 58 T is shown. The simulated curve using the proposed CEF scheme only [129, 153]
did not match the measured data well. Here, the saturation was reached already at ≈ 5 T
in the simulation (not shown). To account for this discrepancy, we have used the values for
a Weiss correction determined from the high-temperature part of the inverse susceptibility
Fig. 2.23. With Kc

W = −6 T/µB and α = 0.94 the experimental data can be approximated
reasonably (Fig. 2.24, dark red solid line). As shown in Fig. 2.24, left frame, the saturation
magnetization is reached in the experiment at B ≈ 25 T with Msat = 2.4µB at T = 4.2 K.
This can also be calculated using Eqns. (2.7) to Msat ≈ 2.5µB per Yb ion. With this we
found that the absolute value of Msat can be calculated from the CEF scheme as proposed by
[129, 153] in good agreement. It has to be mentioned that the simulation does not match the
experimental data for low magnetic fields since it does neither account for the Kondo effect
nor for the occuring Lifshitz-transitions in YbNi4P2. The Weiss-corrected simulation was
applied to higher fields as shown in Fig. 2.24 where multiple steps in the magnetization occur
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Figure 2.22: View on the tetragonal a − a plane. Each Yb ion (I, II) has an orthorhombic
environment which is rotated by 90◦. The Yb-ions form chains running along the c-direction.
In each chain, the alignment of the orthorhombic environment is the same. The tetragonal
unit cell is indicated by the black lines. In NMR measurements different resonance field
occur for the two different P sites P1 and P2 (see Sec. 2.6.8).
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Figure 2.23: χ−1(T) measured in an external field of B = 7 T; Left: Experimental data with
B ‖ 001 (red circles) are shown together with the simulation according to [129], (light red
solid line) and the simulated data using an additional Weiss correction (black solid line).;
Right: Experimental data with B ‖ 100 (black circles) together with the simulation according
to [129] (grey solid line) and the simulation including the Weiss shift (blue solid line). In the
inset the comparison of the simulation together with the experimental data for T ≤ 50 K is
shown.
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Figure 2.24: YbNi4P2 Left: Magnetization in field up to B = 9 T at T = 2 K (light grey), up
to B = 32 T at T = 4.2 K (grey) and up to B = 58 T at T = 1.4 K (black) with external field
B ‖ 001. The simulated data according to the CEF parameters in [129] using an additional
Weiss correction (red solid line) are also shown. Right: Simulated high field magnetization for
the three crystallographic main symmetry directions at 350 mK (thin lines) and 4.2 K (thick
lines). The simulation was done including the Weiss-correction for B ‖ 100 (green/black
curve), B ‖ 110 (dark blue/blue curve), and B ‖ 001 (dark red/red curve). The dashed line
marks the field which was accessible in our experiments.

as a finger print of the CEF. Especially, the tetragonal in-plane anisotropy is significant in
the high-field region.

In summary we found that the saturation magnetization Msat can be calculated from the
CEF scheme as proposed by Z.Hüsges [129] in good agreement. The qualitative description
of χ(T ) and M(B) was improved by introducing an additional Weiss correction to account for
internal fields. The numerically predicted field dependence of the magnetization is strongly
anisotropic and shows multiple steps. The calculated curves predict that full saturation will
be reached above 200 T for B ‖ 001 but above 350 T for the in-plane directions [155].

2.6.6 YbNi4(P1−xAsx)2: Magnetization

The magnetization of the single crystals in the substitution series YbNi4(P1−xAsx)2, Fig. 2.25,
was investigated between 2 and 400 K. We expect that above T = 2 K, the susceptibility
χ(T ) in the series is dominated by the localized Yb 4f moments. Below 50 K, a strong
anisotropy in χ(T ) is found for samples with low As content. It turns into a nearly isotropic
behaviour for samples with higher As concentrations. This anisotropy of the susceptibility
changes within the substitution series as shown in the inset of Fig. 2.25, (a). At T = 2.3 K,
it amounts to a value of χc/χa = 4.15 for x = 0 while with χc/χa = 1.01 it shows only a tiny
anisotropy for x = 1.

For B ‖ 100, a broad hump in χ(T ) can be observed. For x = 0, 0.12 and 0.2, the first
derivative dχ/dT of the data, Fig. 2.26, left, shows a maximum at T χK ≈ 20 K. Remarkably,
resistivity data for j ‖ 100, Fig. 2.16 (a), and inset therein, show maxima near this temper-
ature which are attributed to the Kondo effect. For higher arsenic concentrations, dχ/dT
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Figure 2.25: YbNi4(P1−xAsx )2 temperature dependence of the molar susceptibility χ(T ) for
B = µ0H = 0.1 T (a) B ‖ 001 and (b) B ‖ 100; Inverse susceptibility χ−1(T ) for B = 1T
(c) B ‖ 001 and (d) B ‖ 100; Lower row (e) and (f) show the data of (a) and (b) plotted
as χT versus temperature. The inset of (a) shows the anisotropy of χ(T ) for the two field
directions at B = 0.1 T determined from the data at T = 2.3 K in (a) and (b).

changes qualitatively and does not exhibit a clear maximum. For all arsenic concentrations,
the hump in χ(T ) extends up to roughly 200 K and is caused mainly by CEF effects. The
progress of the analysis of the CEF parameters of the pure phosphorous compound is de-
scribed in Sec. 2.6.3.

Between 250 and 400 K, χ(T ) exhibits Curie-Weiss behaviour for all As concentrations in
both directions. While the effective magnetic moment, µeff , Fig. 2.25 (c) and (d), changes
only slightly, the change in the Weiss temperature, ΘW , is large. For the pure phosphorous
compound, µceff = (4.82 ± 0.02)µB and µaeff = (4.89 ± 0.02)µB, are slightly larger than the
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calculated value µcalceff = 4.53µB for the free Yb3+ ion. For both crystallographic directions,
µeff decreases down to µceff = (4.52± 0.02)µB and µaeff = (4.84± 0.02)µB for the pure arsenic
compound. This is a hint for a reduced Yb valence in the arsenic compound. Indications
for the reduction of the Yb valence were already found for samples with a low As concen-
tration, x = 0.13, in resonant inelastic x-ray scattering (RIXS) [156]. Weiss temperatures of
Θc
W = (−17±2) K, Θa

W = (−37±3) K for x = 0 and Θc
W = (−113±1) K, Θa

W = (−180±3) K
for x = 1 were determined from the fits in Fig. 2.25 (c) and (d) (dashed lines).

The reason for this large change in the Weiss temperature is unclear. We speculate that
this might be caused by the change of the valence of the Yb ion. The effect, illustrated in
Fig. 2.25 (e) and (f), can be compensated by subtraction of a small temperature independent
contribution from the susceptibility. The Curie-Weiss law, Eqn. (1.21), can be written as

χ(T )T = Cmol + χ(T )ΘW . (2.8)

At high temperatures, T � ΘW , the product χ(T )T is approximately temperature indepen-
dent. We plotted the data shown in Fig. 2.25 (a) and (b) as χ(T )T versus temperature in
(e) and (f). For x = 0, χ(T )T is constant above 250 K while, as expected, it is temperature
dependent for x = 1 because ΘW is large. We find that constant behaviour at high tempera-
tures can be obtained for x = 1 by subtracting a small temperature independent Van-Vleck
like contribution from the susceptibility data (not shown).

The field dependent magnetization, M(B), for both directions of the applied magnetic field
at 2 K is shown in Fig. 2.26, right. For YbNi4P2, we observe an identical field dependence
as it was determined for Bridgman grown single crystals [118]. For B ‖ 001, a polarized
moment amounting to 1.24µB at B = 7 T is found while for B ‖ 100, the magnetization
increases linearly up to 0.53µB at B = 7 T. Within the substitution series, also here the
anisotropy in M(B) decreases leading to a nearly isotropic field dependence for x = 1.0.
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Figure 2.26: YbNi4(P1−xAsx )2 Left: First derivative dχ(T )/dT of the data shown in Fig. 2.25
(b) for B ‖ 100, B = 0.1 T. The temperatures T χK where the first derivative exhibits a clear
maximum are marked by an arrow. Right: Field dependence of the magnetization per Yb
ion at T = 2 K for the two field directions B ‖ 001 and B ‖ 100.
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2.6.7 Characterization of YbNi4As2

Electrical resistivity

The temperature dependence of the electrical resistivity ρ(T ) of the pure arsenic compound
YbNi4As2, presented in Fig. 2.27, left, is isotropic for both current directions. Below 10 K,
ρ(T ) shows FL behaviour and is well described by ρ(T ) = ρ0 + AT 2, as shown in the inset,
with A = 0.0033µΩcm/K2 and ρ0 = 3.05µΩcm. The resistivity ratio RR1.8 K = 27 is found
to be isotropic in this compound and higher than that of the pure phosphorous compound.
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Figure 2.27: Left: Electrical resistivity measured on YbNi4As2 with j ‖ a (black curve) and
j ‖ c (red curve). Below 10 K, for both current directions the data can be described by
ρ(T ) = ρ0 + AT 2 indicating FL behaviour as shown in the inset for j ‖ a. Right: Heat
capacity of YbNi4As2 (green) and LuNi4P2 (grey). In the inset, C/T versus T 2 is shown
below 6 K.

Heat capacity

The specific heat capacity C(T ) of YbNi4As2 from 2 - 100 K is presented in Fig. 2.27, right,
together with the heat capacity of LuNi4P2 (compare Fig. 2.17). The difference between both
data sets is large and it is obvious, that the phosphorous compound cannot be used as a good
reference. Below 6 K, heat capacity of YbNi4As2 can be described by C/T = γ0 +βT 2 which
is shown in the inset of the right figure. The Sommerfeld coefficient is γ0 = 96 mJmol−1K−2

and from the slope β of the linear fit a Debye temperature of ΘD = 213 K was determined.

Magnetization

A first characterization of polycrystalline YbNi4As2 was reported by Deputier et al. [120].
The temperature dependence of the susceptibility of YbNi4As2 for both directions at an
applied magnetic field of B = 0.1 T is shown on enlarged scale in Fig. 2.28, left. It is
shown in comparison with literature data [120]. The absolute values of the magnetization
of this compound are much smaller than of the phosphorous compound which indicates a
reduction of the Yb valence. Nearly isotropic Curie-Weiss behaviour with effective magnetic
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moments µceff = (4.52 ± 0.02)µB and µaeff = (4.84 ± 0.02)µB and the Weiss temperatures
Θc
W = (−113± 1) K, Θa

W = (−180± 3) K are found and are shown in Fig. 2.28, (a) and (b).
The field dependent magnetization of YbNi4As2 for both directions of the applied magnetic
field at 2 K is shown in Fig. 2.28, (c). It is isotropic up to B = 9 T.
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Figure 2.28: YbNi4As2 (a) Susceptibility with B = 0.1 T. The data measured on a poly-
crystalline sample [120] are shown for comparison. (b) Inverse susceptibility for the two field
directions B ‖ 001 and B ‖ 100. (c) Field dependence of the magnetization per Yb ion at
T = 2 K for the two field directions B ‖ 001 and B ‖ 100.

2.6.8 Further results

Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a widely used technique to study the microscopic
properties of molecules and solids. Several Kondo lattice compounds like CeFePO [157] and
YbRh2Si2 [158, 159] have been studied with respect to the type of the magnetic fluctuations.
In an NMR experiment, the applied external field influences the movement of the electrons
and the resulting inner field acts on the nuclear magnetic moment. The nuclear moments
are shielded by the electrons which leads to a shift in the resonance field. A negative shift
is expected from the simple conduction electron polarization model for Yb 4f ions [160].

YbNi4P2 contains a very good 31P (relatively high γN) NMR nucleus with nuclear spin
I = 1/2 and a natural abundance of 100%. The isotopes of the other elements are much
more difficult to detect since they have a much lower natural abundance: 171Yb with I = 1/2
(natural abundance 14.31%), 173Yb with I = 5/2 (natural abundance 16.13%) and 61Ni with
I = 3/2 (natural abundance 1.19%). In the past, NMR experiments on YbNi4P2 powder
samples from 300 to 1.8 K have been performed and the ferromagnetic critical fluctuations
were investigated [122, 123]. Now, large single crystals are available and facilitate the in-
vestigation of the local in-plane anisotropy between the [100] and the [110] direction in this
material by NMR down to lowest temperatures. The local probe NMR allows the orthorhom-
bic symmetry of the Yb site to be examined utilizing the fact that in the a−a plane there are
two non-equivalent P sites P1 and P2 present in the crystal structure as shown in Fig. 2.22.
YbNi4P2 single crystals are presently investigated by Y. Kishimoto (Kobe University) to
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study the evolution of magnetic fluctuations down to 1.8 K [130]. Further measurements at
lowest temperatures and low fields have been started.

Electron spin resonance

The ESR of an YbNi4P2 single crystal was investigated by Jörg Sichelschmidt (MPI CPfS).
The measurement was performed applying microwaves with X-band (9.3 GHz) frequency in
magnetic fields up to B = 1.8 T at T = 2.9 K and T = 4.6 K. No resonance signal was found
for orientations B ⊥ c and B ‖ c where B is the external field as well as for b ⊥ c and b ‖ c
(b = microwave field). This is an unexpected result since in preliminary research on different
other Kondo lattice systems an ESR signal was found if FM fluctuations are present [131].

Millikelvin studies are currently performed by M. Javaheri and M. Scheffler (Universität
Stuttgart) to study the ESR of the material near its FM phase transition in a microwave
resonator.

Inelastic neutron scattering

The anisotropy and the temperature dependence of spin fluctuations can be studied by INS.
Magnetization measurements on YbNi4P2 single crystals show the unusual effect, that above
TC the c-axis is the magnetically easy direction due to the influence of the CEF, whereas
below TC the magnetic moments order in the basal plane of the tetragonal lattice [14]. This
behaviour might be caused by enhanced transverse (in-plane) spin fluctuations arising in the
vicinity of the QCP. Previous neutron scattering experiment at ToFToF (cold neutron time-
of-flight spectrometer; Maier-Leibnitz Zentrum, Technische Universität München (MLZ)) on
YbNi4P2 powder samples showed an increase of the susceptibility towards low momentum
transfer at 1 K, indicating the evolution of ferromagnetic fluctuations [126]. The temperature
dependence and the anisotropy of the critical fluctuations is currently investigated with the
help of inelastic neutron scattering by S. Lucas, O. Stockert (MPI CPfS) and Z. Hüsges
(Helmholtz Zentrum Berlin (HZB)). The single crystal, shown in Fig. 2.29, was mounted on
the sample stage such that the use of a horizontal (h 0 l) scattering plane was possible. The
critical fluctuations were studied in the vicinity of the weak nuclear reflections (1 0 1) and
(2 0 0). First measurements were performed with a low-energy transfer of 0.15 to 0.25 meV
at temperatures down to 60 mK at the cold-triple axis spectrometer PANDA (MLZ) and at
FLEXX (HZB) and showed the presence of antiferromagnetic fluctuations far above the Curie
temperature which was not expected for a FM material. Further studies of the magnetic
fluctuations in YbNi4P2 are in progress.

Angle resolved photoemission spectroscopy

The compound YbNi4P2 exhibits unusual power-law behaviour of the magnetic susceptibil-
ity [14, 121] and the quantum-critical region cannot be described within a local-moment
Heisenberg [161] or Ising model [162]. It was proposed that strong transverse spin fluctu-
ations might dominate the magnetic anisotropy at low temperatures [163], but this model
implies a first-order phase transition which is not observed in YbNi4P2. The reason for
this unusual behaviour might be the one-dimensional electronic character of YbNi4P2 and
therefore the investigation of the FS of this compound is important. The crystal structure
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Figure 2.29: Left: YbNi4P2 single crystal (No. 039, m ≈ 1.8 g) used for the inelastic neutron
scattering experiments; Right: Neutron Laue backscattering image taken at the ILL by O.
Stockert (MPI CPfS). The beam direction was aligned parallel to the [001] direction of this
high-quality single crystal and shows the fourfold symmetry of the tetragonal lattice.

Figure 2.30: The YbNi4P2 sample No. 034 − 17 was used for the ARPES experiment and
glued on an 110 plane. The top-post (1) is attached to the sample (2) with glue (3) on a
sample holder (4) in preparation of the measurement. The cleave was done in ultra-high
vacuum right before the ARPES measurement performed by D. Vyalikh (San Sebastian).

shows chains of Yb ions running along the crystallographic c-direction which are separated
by chains of P and of Ni tetrahedra. Additionally, uncorrelated band structure calculations
predict flat FS sheets [121] as shown in the left panel of Fig. 2.31 and the inset therein.
Resistivity measurements show a strong anisotropy of a factor of approximately four at low
temperatures [14] which indicates the one-dimensional character of this compound. It is
expected that ARPES spectra of YbNi4P2 show a strong Ni-contribution. But also this Ni-
dominated FS itself would be of very high interest, as this would be a strong experimental
evidence of the quasi 1D character of this material. YbNi4P2 does not exhibit easy-cleave
planes and its investigation by ARPES is therefore hindered. Nevertheless several attempts
were undertaken by D. Vyalikh (San Sebastian), Fig. 2.30, and he was able to obtain one
spectrum on a cleaved (110) plane. The cleave of samples with (100) or (021) planes was
not successful. From the integrated data shown in Fig. 2.31, right panel, it is obvious that
these look quite similar to the DOS obtained by uncorrelated band-structure calculations
Fig. 2.31, left panel. The calculation shows that one main contribution to the DOS comes
from Ni states.

Scanning tunneling microscopy

Low temperature scanning tunneling microscopy (STM) experiments done by L. Jiao from
MPI CPfS are currently in progress but also here the investigation is hampered due to
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Figure 2.31: Comparison of uncorrelated band structure calculations (left) performed by H.
Rosner (MPI CPfS) after [121] with angle-integrated ARPES data (right) obtained by D.
Vyalikh (San Sebastian) from a cleaved (110) surface at 70 K using a linear polarized photon
beam with an energy of 110 eV.

the occuring difficulties to cleave the samples. The bound distance of several atoms are
similar, therefore the crystal possesses no easy-cleave plane. Three types of planes were
obtained in first attempts to cleave the single crystals: (100), (331) and (110). The (100)
surface is dominant but until now no atomic flat surface could be resolved during the STM
measurement.

Lifshitz transitions

Our attempts to determine the FS by ARPES failed so far since the crystals do not exhibit
easy-cleave planes as described above. The second standard method would be to determine
the zero-field FS via quantum oscillation measurements but this is also not applicable. The
reason for that is the occurence of multiple Lifshitz transition (LT) that alter the FS already
at fields below 18 T. Which is far below the fields higher than 20 T at which the observation
of quantum oscillations is possible. Until now, there is no experimental study on the zero-
field FS available. Our recent study of YbNi2P2 in high magnetic fields [105] took advantage
on the availability of larger and purer single crystals grown by the Czochralski method. LTs
are changes in the FS topology that do not change its symmetry. These transitions offer a
new approach to get insight into the FS of YbNi4P2 and its evolution in small fields. LTs
occur due to the existence of flat hybridized bands in 4f - and 5f -electron Kondo-lattice
systems and have been studied for instance in YbRh2Si2, CeRhIn5 and URu2Si2 [164–166].
In these systems, the Kondo effect creates flat renormalized bands near the Fermi level with
a bandwidth of the order of the Kondo temperature TK ≈ 10 K ≈ 10 T and a DOS at the
Fermi level which is enhanced by a factor of 1000. This small bandwidth makes it possible
to induce LTs at fields below 20 T. By applying a small field on YbNi4P2, its band structure
changes and respective signatures in the resistivity and thermopower occur. The analysis of
the type of a LT facilitates the determination of the change in the dimension of the involved
FS.
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3

YbRh2Si2

3.1 Introduction to a system close to

an antiferromagnetic quantum critical point

The first study of its crystallographic structure was done in 1979 [167] and since then, es-
pecially during the last two decades, the low temperature properties of YbRh2Si2 have been
investigated intensively. This is mainly due to the fact that high-quality single crystals
became available. In the past years, the crystal growth conditions have been optimized
carefully by changing the stoichiometry and the applied temperature profile [168] and now
crystal growth experiments with reproducible growth results can be performed. YbRh2Si2
is a tetragonal compound that crystallizes in the ThCr2Si2-type structure (I4/mmm) with
a = 4.007 Å and c = 9.858 Å [169]. In the past, this Kondo-lattice compound has been
studied in great detail due to its proximity to a field induced QCP. YbRh2Si2 orders an-
tiferromagnetically below TN = 70 mK. A small external field of Bcrit ≈ 60 mT applied in
the tetragonal plane (Bcrit = 0.66 T for B ‖ c) is sufficient to supress the antiferromagnetic
order and shift TN down to zero at the QCP [20, 97]. The anisotropic magnetization indi-
cates that the Yb3+ moments order in an ”easy-plane” square lattice perpendicular to the
crystallographic c-direction [169]. The application of pressure increases TN [169] since the
ionic volume of the 4f13 Yb3+ configuration is smaller than that of the non-magnetic 4f14

Yb2+ one. Negative chemical pressure can be applied by substituting the smaller Si atoms
by larger Ge atoms which tunes the YbRh2(Si1−xGex)2 through the QCP without altering
its electronic properties [97]. In the vicinity of the QCP, unconventional behaviour of the
conduction electrons occurs. It shows up, for instance, in the temperature dependence of
the electrical resistivity: The well-defined FL behaviour, namely the T 2-temperature depen-
dence of the resistivity observed far away from the QCP at fields higher than Bcrit turns into
a linear temperature dependence in the vicinity of the QCP. In the B − T phase diagram,
an additional temperature scale T ∗ has been identified in the non FL region. This line has
been interpreted as the transition of the FS from a ”small Fermi surface” without the 4f
electrons to a ”large Fermi surface” which contains the 4f electrons but is still under debate
[84, 170, 171].
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Figure 3.1: Tetragonal crystal structure of YbRh2Si2. The Yb planes are separated from
each other by Si-Rh-Si trilayers.

3.2 Summary of the results and outlook

In the course of this theses, a crystal growth procedure for YbRh2Si2, which is one of the best
studied materials close to an AFM QCP, was established in the Crystal and Material Lab-
oratory Frankfurt. The resulting single crystals are comparable in size and purity to single
crystals grown in previous work [168]. Samples of highest purity for ultra-low-temperature
investigations were identified by combined magnetization and electrical transport measure-
ments using a PPMS. Our result of RR1.8K ≈ 32 for the purest single crystals is slightly
higher compared to previous results with RR1.8K ≈ 27 [172].

Severals experiments have been started by different collaborations utilizing our new sin-
gle crystals. J. Saunders and coworkers succeeded in measuring the thermal noise on thin
YbRh2Si2 single crystals and thereby confirmed the superconducting transition at Tc ≈ 2 mK
in YbRh2Si2 [11, 173]. A new path was opened by M. Brando and coworkers by prepar-
ing a meander structure on thin single crystal platelets using the focused ion beam (FIB)
technique. The micro-structured samples have an increased current carrying length with
increased resistivity. This leads to the reduction of heating effects and to an improved
precision of the measurement. The as prepared single crystals will facilitate resistivity mea-
surements in the ultra-low temperature regime [174]. In Kondo systems, a ”large” Fermi
surface forms due to the hybridization of 4f and conduction electrons. In the course of this
thesis, the ”small” Fermi surface formed exclusively by conduction electrons was detected
in a Compton-scattering experiment by D.V. Vyalikh and coworkers at T = 300 K [175].
This experiment was performed on large YbRh2Si2 single crystals. Due to its low lying Néel
temperature, its small ordered moment and the absence of single crystals suitable for neu-
tron scattering, the magnetic structure of YbRh2Si2 is not known until now. Magnetization
measurements at low temperatures have been started by M. Brando and coworkers to obtain
further information about the ordered phase. In the course of this thesis, new experimen-
tal setups were developed by M. Scheffler and coworkers. These allowed to investigate the
material by microwave spectroscopy in temperature and field regions that were unaccessible
until now [176, 177]. During the past years, the foundation was layed for the investigation
of the dynamics of the Kondo state by time-resolved THz studies by C. Wetli, M. Fiebig
and H. Kroha. The first material that was studied was CeCu6−xAux which exhibits a QCP
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at x ≈ 0.1. A terahertz pulse converts heavy fermions in the material into normal light
electrons. The heavy-fermion state recovers under emission of a delayed, phase-coherent
terahertz reflex. Towards the QCP, the quasiparticle weight collapses while its formation
temperature remains almost constant. To validate the conception of the experiment and
the experimental method itself with a further heavy-fermion material we contributed to this
project by providing large single crystals of YbRh2Si2 [178].

The application of such new approaches might not only shed light on the still unan-
swered questions about the magnetic order or the mechanism leading to the heavy-electron
superconductivity in YbRh2Si2 but also address general questions about the dynamics of the
Kondo state in quantum critical materials.

3.3 Crystal growth preliminary work

The optimization of the crystal growth of YbRh2Si2 from indium flux was performed at the
MPI CPfS using a two-zone furnace (Xerion) and was described in detail by Krellner et al.
[168]. In the past, a different attempt using zinc as flux was proposed by Hu et al. [179]
which yielded large singe crystals but with a low RRR value compared to crystals grown
from indium flux. This hints to a possible incorporation of zinc into the crystal structure
which is not desirable since for low temperature measurements, the crystal quality is an
important issue. The single crystal growth of YbRh2Si2 from indium flux was established
in Frankfurt in the course of this thesis. We follow the route presented in [168] due to the
high expected purity that can be achieved. The aim was to transfer the process to the
high-temperature GERO furnace which was started up at that time in Frankfurt. The first
step was to find the suitable growth conditions namely the temperature-time profile and the
suitable amount of cooling caused by the argon flow. The influence of the usage of graphite
as crucible material on the crystal quality was investigated. Furthermore, experiments were
performed to explore the possibilities to implement a seed into the setup. P. Wein and C.
Butzke contributed to this project in the course of their Bachelor‘s and Master‘s theses.

3.4 Experimental details

High-purity starting materials Yb ingot (99.99%, Ames Laboratory), Rh powder (99.98%
Heraeus), Ir (99,96% Heraeus), Si (99.9999% Wacker) and In (99.9995 N.V. Kawecki-Billiton)
were used. Ytterbium is air sensitive and the preparation was done in a glove box filled with
purified argon. For the Bridgman growth, the tantalum crucible was put under a flow of
argon in a vertical resistive furnace (GERO HTRV70250/18). The crystal structure was
characterized by PXRD on crushed single crystals, using Cu-Kα radiation. The chemical
composition was measured by EDX. The orientation of the single crystals was determined
using a Laue camera with x-ray radiation from a tungsten anode. Four-point resistivity and
magnetization measurements were performed using the commercial measurement options of
a Quantum Design PPMS.
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Growth stoichiometry T profile Ref. d m RR1.8K, j ⊥ c
No. Yb:Rh:Si No. [µm] [mg]

CB101 2:2.2:1.8 Yb01 [168] 200 19.5 32.7

Table 3.1: Parameters of the crystal growth by Bridgman method of YbRh2Si2. The thick-
ness d and the mass m are average values of the ten largest single crystals.

T profile furnace Tmax thom T1 v T2 duration Ar flow
No. [◦C] [h] [◦C] [mm/h] [◦C] [h] [ml/min]

Yb01 GERO 1530 1 1480 1 1240 92 155

Table 3.2: Measured temperature-time profile of the crystal growth of YbRh2Si2. The cru-
cible was kept at Tmax for 1 h to homogenize the melt. All temperatures have been measured
in situ at the bottom of the crucible. The temperature of the furnace was measured using
a second thermocouple which is included in the furnace. The maximum temperature of the
furnace during the growth was T furnace

max = 1550◦C.

3.5 Crystal growth from indium flux

The high melting temperature of the transition metal Rh (1963◦C) in combination with the
low boiling point (1196◦C) [180] and high vapour pressure of Yb necessitates the use of a
solvent (flux). In preliminary work, it has been found that indium (TL=157◦C) is a suitable
solvent [168]. Our setup of the crucible system is shown in Fig. 3.2, b). The elements in
a non-stoichiometric composition of Yb : Rh : Si = 2 : 2.2 : 1.8 were weighed in together
with indium as flux in a molar elements to flux ratio of 4:96. The total mass of each growth
charge was 21 g. The graphite crucible was purified before loading with the initial charge
by heating it up to 1600◦C under vacuum using a high-frequency furnace. Upon cooling,
the porous wall of the graphite crucible was loaded with argon and was transferred into the
glove box subsequently. The elements were filled in the graphite crucible with V = 25 ml
for the Bridgman growth according to the setup shown in Fig. 3.2, b). The inner graphite
crucible was put in an outer crucible made of tantalum which was sealed under argon using
arc-melting. The parameters for the crystal growth and the temperature-time profiles for the
experiments that gave the best results namely the largest crystal size, the smallest amount
of indium inclusions and the highest RR1.8K value can be found in Tabs. 3.1 and 3.2. All
experiments have been performed in the high-temperature GERO furnace. A scheme of the
temperature-time profile is shown in Fig. 3.2, c). The sealed tantalum crucible was heated
up to Tmax = 1530◦C with a rate of 300 K/h. The melt was held at this temperature to
ensure homogenization for thom = 1 h and afterwards the furnace was moved 10 cm upwards.
By doing so we got a complete homogenization of the melt and afterwards minimized the
time where the melt was exposed to the maximum temperature. At highest temperatures the
reactivity of the melt is highest and also the risk of bringing contamination from the crucible
into the melt. At T1 = 1480◦C the growth started by slow moving of the whole furnace with
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Figure 3.2: Growth of LnRh2Si2 single crystals by Bridgman method. a) Al2O3 crucible
holder with thermocouple; b) Setup of the crucible system; c) LnRh2Si2: Temperature-time-
profile.

v = 1 mm/h while the position of the crucible stayed fixed. With this setup, we were able
to cool the sample without vibrations resulting from the movement which is different from
the conventional Bridgman process where the sample is moved from the hotter to the colder
zone. Our setup allows for the direct measurement of the temperature at the bottom of
the crucible during the growth using a Pt/Rh thermocouple of type B. The platform of the
crucible holder made of Al2O3 is shown in Fig. 3.2, a). Through the hole in the platform,
the tip of the thermocouple is visible. The furnace is moved until the temperature at the
sample position has reached T2 = 1240◦C and a faster cooling period terminated each growth
experiment. After the growth, the single crystals were embedded in indium flux. The flux
was removed by etching in hydrochloric acid 32%. During this etching process also additional
phases that formed during the growth, like e.g. RhIn3, dissolved completely.

3.6 Limitations of the growth method

The aim of the optimization of the crystal growth process in the past [168] was to provide
knowledge of the optimal growth conditions which support the formation of crystals that
are on the one hand large and on the other hand as pure as possible. In most experiments
which were performed in the course of this thesis using the conditions described in [168]
crystals were obtained which had a high purity and were also comparable in size to the ones
which have been grown in the past. But in some cases the growth completely failed meaning
that only small crystals formed or that mainly one large polycrystalline sample formed or
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Figure 3.3: YbRh2Si2 Left: Thin single crystal platelets (d ≈ 5 − 8µm) used for preparing
the meander structure. Middle: Laue pattern. Right: Large single crystal [181].

that instead of well separated YbRh2Si2 single crystal platelets a large amount of irregular
shaped platelets adherent to each other was obtained. The reason for this is unclear and
since the growth is performed in a closed crucible, it is not possible to observe the growth
directly. Two main issues impede the full reproducibility of the growth result: The first is
that the present setup does not allow to use a seed. The second is that the homogenization
might be incomplete due to the poor mixing of the initial melt. The task in future work will
be to overcome these issues by developing procedures for the crystal growth which allow for
the use of a seed, provide a better mixing of the melt or use a different flux to improve the
homogeneity in the substituted crystals.

Nucleation

With the Bridgman-type method presented above, we are able to obtain single crystals
with a high purity but their size is limited. Several measurement methods, like neutron
scattering on single crystals, require large samples. The first step to increase the sample size
is to understand and control the nucleation process. Up to now, the knowledge about the
nucleation in our closed system is non-satisfying. Therefore, three types of experiments have
been performed to shed light on this problem.

• In experiments of type I, a single crystal was embedded into the bottom of the graphite
crucible. This crystal should serve as a seed in order to grow one large single crystal
starting from this seed instead of many small pieces. Our observation was that after
the growth, the seed crystal could not be identified anymore and seemed to be dissolved
by the melt. The resulting crystals in this experiment were of average size. Obviously,
in the present setup, it is not possible to obtain a sufficient cooling of the inserted seed.

• In experiments of type II, the graphite crucible had a complete lining of indium such
that the direct contact of other elements than indium to the crucible wall was avoided
during filling. Three experiments have been performed in this way and in all cases one
large polycrystalline sample formed.

• In experiments of type III, the partial contact of other elements than indium with the
wall of the crucible was made intentionally. In all cases, a large amount of large and
average sized single crystal platelets was obtained after these experiments.
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No. sample RR1.8 K In wt.%

(1) 102-01 29.9 0.00

(2) 101-01 26.2 0.00

(3) 101-03b 25.8 0.00

(4) 102-07 25.3 0.04

(5) 103-04 22.8 0.26

(6) 103-02 25.2 0.63

Table 3.3: Amount of included In and the residual resistivity ratio of samples from different
batches.

From the experiments I-III the conclusion can be drawn that a seeding is not possible in
the current setup and that the surface roughness of the crucible wall seems to support the
nucleation.

Substitution of elements

The quantum critical point can be approached by either applying a small magnetic field or
by substituting Rh by Ir. In preliminary work, it was already shown that it is possible to
substitute Rh by Ir in YbRh2Si2 [172]. In the course of this work several attempts have been
performed to obtain Ir substituted single crystals. In two experiments where the aim was to
substitute 10 and 20% of Rh by Ir we observed that substitution is possible. But while the
Ir concentration which was determined by EDX varies strongly between single crystals of
the same batch the amount of Ir in one large single crystal is homogeneously incorporated.
This observation leads to the conclusion, that in our current setup the homogenization of the
melt is not sufficient and Ir is not distributed equally in the melt. The homogenization can
be improved in future work by applying different growth methods like e.g. the accelerated
crucible rotation technique where the homogenization of the melt can be achieved. The
substitution of Si by the larger Ge leads to negative chemical pressure in this compound
[97, 182, 183]. Unfortunately it is not possible to achieve Ge concentrations larger than 2%
in the crystals in a reproducible way. The reason for this might be the high solubility of Ge
in the In flux. To solve this problem the search for a different element or a combination of
elements that could be used as flux is necessary.

3.7 Comparison of the growth results

The resulting single crystals, shown in Fig. 3.3, have a platelet-like shape and are as large as
5 mm× 3 mm× 200µm. The thinnest platelets which were used for the meander fabrication
have dimensions of 3 mm× 2 mm× 8µm. The c-axis is always perpendicular to the platelets
and the largest naturally grown faces besides the {001} faces are {110} faces (85%) or {100}
faces (15%). The crystal growth is performed using indium as solvent for the elements.
Flux inclusions in the single crystals can be minimized by low growth rates. We found that
despite using low cooling rates, the formation of indium inclusions in the single crystals is
unavoidable. The amount of these inclusions can be estimated easily utilizing the fact that
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Figure 3.4: (a) Normalized resistivity of YbRh2Si2 measured with j ⊥ c from 300 − 1.8 K.
Tab. 3.3 shows the indium amount and the residual resistivity ratio of the samples. The
vertical line at 3.4 K marks the temperature where indium becomes superconducting. The
data were recorded by C. Butzke [184]. (b) The low-temperature measurement down to
T = 30 mK was performed on sample CB101-03-kk147 with j ⊥ c and B = 0 T. (c)
The micro-structured single crystal (FIB) reproduces the data measured on the not micro-
structured bulk single crystal. The low temperature measurements were performed by S.
Hamann and A. Steppke (MPI CPfS).

indium becomes a superconductor below Tc = 3.4 K [185]. The transition into the super-
conducting state causes a small jump in the magnetization when cooling below Tc if indium
inclusions are present. The sudden decrease in the magnetization occurs since the magnetic
volume susceptibility of indium is almost zero χNC

In = −5.6 · 10−7 in the normalconducting
state [186, 187] whereas it becomes χSC

In = −1 in the superconducting state. We found that
already for small amounts of included flux the shape of the resistivity curve at temperatures
above 1.8 K measured on different samples differs slightly and is influenced by the included
indium as shown in Fig. 3.4. We determined the amount of indium in the samples by mag-
netization measurements and found that the purest samples, No. (1)-(3), show the steepest
drop in the resistivity which is attributed to the onset of coherent Kondo scattering. The
collected set of reference data enables us to identify and select the purest samples for the
low temperature measurements. The samples where the amount of indium was below the
detection limit of the magnetization measurement (10−9 Am2) showed a Kondo maximum
at ≈ 100 K in the resistivity. The resistivity ratio RRR being a measure for the crystal
defects can be compared to identify the purest single crystals. In preliminary work, for j ⊥ c
RRR ≈ 35 [169] corresponding to RR1.8K < 15 [188] and RR1.8K ≈ 27 [172] was measured
on single crystals. Our result of RR1.8K ≈ 32 is slightly higher for the purest single crystals.
The electrical resistivity of YbRh2Si2 single crystals was measured by S. Hamann and A.
Steppke (MPI CPfS) down to 30 mK to examine whether the behaviour is similar to that of
samples which have been grown in the past at the MPI CPfS. In Fig. 3.4 (b),(c), the oc-
curence of the phase transition is indicated by the kink in the curve at ≈ 70 mK and shows
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Figure 3.5: YbRh2Si2: Single crystal of meander shape prepared for transport measurements
at ultra-low temperatures. The micro-structuring was applied by M. König and M.Brando
(MPI CPfS).

the same characteristics as measured on previous samples [189]. Additionally the influence
of the micro-structuring was investigated. It was found that the signal-to-noise ratio of the
measurement is increased by using at meander-shaped single crystal, Fig. 3.4 (c).

3.8 Further results from high-quality single crystals

Our high-purity single crystals facilitate further studies of several physical properties of this
already well known compound.

Superconductivity in YbRh2Si2

In YbRh2Si2, a strong change in the ac susceptibility below 2 mK indicates a superconducting
state and recently, bulk superconductivity has been established by data on the Meissner
effect for B < 4 mT [11, 190]. It has to be noted that in YbRh2Si2 the nuclear contribution
to the specific heat increases by several orders of magnitude below 1 K. This increase is
mainly caused by the nuclear moments of the Yb ions [191]. In the proposed Landau-
type model [11], the free parameters are tuned such that the onset of the nuclear-electronic
order suppresses the 4f magnetic order and thus leads to the onset of superconductivity.
Since the proposed model deals with a large number of free parameters and the connection
to experimentally determined properties of YbRh2Si2 is relatively weak, it is under strong
debate [192]. A different scenario was proposed by C.Geibel [192, 193]. The AFM state
(TN = 70 mK) of YbRh2Si2 exhibits on the one hand an extremly small value of the ordered
moment of m4f ≈ 0.002µB on the other hand a tiny external field is sufficient to induce a
local moment m4f ≈ 0.1µB which is much larger. These two properties yield that the AFM
state is inherently unstable against the formation of a state with a large magnetic moment
which is stabilized by nuclear polarization at ≈ 1 mK. The transition at 2 mK therefore
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might be a transition from a c-oriented small-ordered-moment to an in-plane oriented large-
ordered-moment AFM state. Therefore the superconductivity in YbRh2Si2 is not connected
to the AFM-PM QCP but to a critical point being associated with a change of the magnetic
structure.

So far, the superconducting transition was verified by magnetization data but also electri-
cal transport measurements can be used to obtain valuable information about the existence
of novel phases. Typical samples cut from single crystals as shown in Fig. 3.3 have dimen-
sions of 2 mm × 1 mm × 0.1 mm, and the bulk resistivity is below 1µΩcm. Typically a
contact distance of l=1 mm is chosen for the measurement. The resistivity of the sample
therefore is

Rsample = ρ
l

A
= 10µΩmm

1mm

0.1mm2
= 0.1 mΩ.

An additional resistance contribution Rcontact of about 0.1 to 1 Ω is given by the contacts
and dominates the total resistance. The detectable voltage response is

Usample = 0.1 · 10−9 V = 0.1 mΩ · 10−6 A.

The use of a current of I = 10−6 A causes the total dissipation

Pdiss = (Rsample +Rcontact) · I2 ≈ 10−13 W.

Due to the limitations in the cooling power it is challenging to measure the resistivity below
10 mK [174].

In the course of this work, two groups, S. Bühler-Paschen and coworkers (TU Wien)
and a collaboration between J. Saunders and coworkers (RHU London) and M. Brando
and coworkers (MPI Dresden) started independently to investigate the transition into the
superconducting state by electrical transport and thermal noise measurements using pure
YbRh2Si2 single crystals. In Tab. 3.4 the properties of the samples used by the different
groups is summarized.

At the beginning of this work, no data about resistive transitions in the ultra-low-
temperature regime where available due to the challenge to measure resistances with minimal
dissipation. D. Geiger (TU Wien) investigated the resistivity at ultra-low temperatures on
different samples among those also high-quality single crystals of the latest generation. Be-
low 10 mK, a new feature in fields between 50 − 90 mT was detected, but a transition into
the superconducting state could not be confirmed. The study will be continued after the
refinement of the technical details (such as shielding, stray field effects, precision of mea-
surement) and the first results are summarized in [194].
The electrical resistivity was measured indirectly via the Johnson-Nyquist noise by L. Lev-
itin and J. Saunders (RHU London) down to 0.6 mK. Upon cooling the resistivity decreases
showing a kink at 12 mK where a steeper linear decrease in the resistivity appears down to
3.7 mK. At this temperature, a distinct drop in the resistivity indicates the transition into
the superconducting state [173]. The superconducting state can be suppressed by an exter-
nal field of 9 mT. The measurements were performed on a single crystal with a thickness of
about 8µm.
In the course of this work, it became possible to increase the sensitivity of the resistiv-
ity measurements. Using the flux-growth technique we were able to obtain not only large
single crystals as shown in Fig. 3.3, right, but also extremely thin platelets of about 8µm
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YbRh2Si2 exp. TC ref. m res.ratio
Sample/Ref. [mK] [mg] j ⊥ c
/Growth No.

Krellner [172] M(T ), 2 Schuberth [11] 2.22, 0.75 RRR ≈ 150

C(T ) 30.62, 7.1, 5.44 RRR ≈ 50

cb101-01 ρ(T ) ? Geiger [194], 28 RR1.8K = 26
[184], this work Paschen [195]

pw101 noise 3.7 Levitin, ≈ 5 RR1.8K = 19
[181], this work Saunders [173]

kkcb108 ≈ 1− 3 RR1.8K = 24
this work

Table 3.4: YbRh2Si2 samples used for ultra-low temperature studies

(Fig. 3.3, left). The new approach by the group of M. Brando (MPI CPfS) to fabricate
micro-structured samples opens the path to measure the resistivity in the sub-millikelvin
temperature range. The meander structure, Fig. 3.5, was produced using the FIB technique.
The total length of the meander is about 19 mm and the width per track is about 15µm. The
contacts were made of gold which was deposited on the crystal as well as on the substrate
on which the crystal was glued on. The micro-structuring using a gallium FIB (FEI Helios)
processing was performed by M. König (MPI CPfS). First tests yielded that the temperature
dependence of the measured resistance is almost identical to the temperature dependence of
the resistance of not micro-structured single crystals and the phase transition onto the AFM
order at 72 mK is clearly visible as shown in Fig. 3.4. That means that the fundamental
properties of the material have not been altered by the micro-structuring process. At the
same time, the signal-to-noise ratio of the measurement ∆R/R increased due to the meander
structure by one order of magnitude from 0.25% to 0.045% [174] when measured down to
40 mK. The increase of the length of the sample together with the decrease in its cross
section due to the meander structure leads to a larger resistivity. The use of lower currents
becomes possible and therefore the heating is reduced. This makes measurements in the
sub-millikelvin region possible and allows for the further investigation of the superconduct-
ing state. To use the high precision of the measurement to its full capacity a high purity of
the single crystals is indispensable.

To shed light on the nature of the superconducting transition and the role of the nuclear
magnetism, the aim is to perform the measurements also on isotope-pure YbRh2Si2. The
single crystals will be grown in future work using for instance the Yb isotopes 174Yb with
nuclear spin I = 0 or 171Yb with nuclear spin I = 1/2. These samples will allow ”to switch
the nuclear moment on and off” and to directly compare the effect on the physical properties
in the sub-millikelvin region.
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Temperature dependence of the Fermi surface

In Kondo systems, the interplay between localized 4f spins and itinerant valence electrons
leads to an enhanced DOS at the Fermi level. This socalled Kondo resonance [61, 196, 197]
arises due to the formation of Kondo singlet states below the single-ion Kondo temperature
TK . In Kondo lattice systems, the magnitude of the DOS as well as the momentum depen-
dence of the quasiparticles are affected by the Kondo effect. At low temperatures, the Fermi
surface of a paramagnetic Kondo screened system contains the 4f electrons in the ”large
Fermi surface”. In contrast, the 4f electrons are not part of the ”small Fermi surface” when
the screening disappears and the system is in an ordered state. This transition from the
large to the small FS was confirmed by de Haas-van Alphen measurements in the recent
past in Ce-based systems [198] but there is a debate on how this transition takes place with
respect to magnetic order [16, 17, 199] and also with respect to the temperature [200, 201].
The temperature dependent change was studied for instance in CeCoIn5 [202] or CeRu2Si2
[203] but experimental evidence is still weak nowadays.

YbRh2Si2 is a Kondo-lattice system with a T∗K of about 25 K [169]. Below this tem-
perature, the increase of the DOS at the Fermi level with a Sommerfeld coefficient of
γ0 = (1.7 ± 0.2) Jmol−1K−2 was confirmed by thermodynamic measurements [20]. This
socalled heavy-fermion behaviour occurs in many Ce and Yb compounds and is caused by
the interactions between the localized 4f and the itinerant electrons. Upon lowering the
temperature, the interaction between both kinds of electrons increases and a controversially
discussed issue is how the localized 4f become part of the Fermi surface upon cooling. At
the beginning of this work it was observed by ARPES that the large Fermi surface which
includes the 4f electrons of YbRh2Si2 does not change into the small Fermi surface without
4f electrons up to 95 K [204]. At that time the question arose if the appropriate tempera-
ture range was studied [205]. The change of the Fermi surface with temperature is a widely
accepted idea but it is not clear in which temperature range the change happens in Kondo-
lattice systems. Our large single crystals enabled us to further investigate this topic since
a change to the small Fermi surface is expected for high temperatures. Compton scattering
experiments have been performed by Denis Vyalikh (TU Dresden) utilizing a stack of 7 sin-
gle crystals. The single crystals have been carefully oriented and afterwards glued on top
of each other in the same orientation. The experiments yielded that also in YbRh2Si2 the
small Fermi surface can be observed at 300 K [175].

Magnetic order

Until now, the magnetic structure of YbRh2Si2 is not known. The compound has a small
magnetic moment and a low lying Néel temperature. Additionally neutron scattering ex-
periments on the one hand require larger crystals than that which are available. On the
other hand these measurements are hindered due to the large absorption of Rh. There-
fore, in the past the magnetic properties of related systems like YbCo2Si2 and of Co sub-
stituted YbRh2Si2 have been investigated [67, 69]. YbCo2Si2 orders antiferromagnetically
at TN = 1.7 K [206]. In the substitution series Yb(Rh1−xCox)2Si2 the smaller Co stabi-
lizes the magnetism and a second AFM phase appears for low Co concentrations. Samples
with x = 0.27 become ferromagnetic [68]. Pure YbRh2Si2 and Co substituted YbRh2Si2 is
presently further investigated by S. Hamann, M. Brando et al. (MPI CPfS) in order to de-
duce information about the magnetic order in the unsubstituted compound. Pure YbRh2Si2
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single crystals (CB101-03-kk147, 102-PW-KK, KK-CB108) used in this study have been
grown and were characterized concerning their chemical composition, inclusion content and
electrical transport properties down to 1.8 K in the course of this work.

Microwave experiments

In contrast to the high temperature region which is well accessible by spectrocopic tech-
niques, the regime of finite, small magnetic fields at temperatures below 1 K was so far
inaccessible: The lowest accessible temperature in ARPES experiments is about 1 K and
NMR spectroscopy has been performed at temperatures well below 100 mK, but has been
limited in the past to magnetic fields higher than the critical field of YbRh2Si2 [158, 207].
The spin dynamics in YbRh2Si2 at temperatures higher than 500 mK has already been in-
vestigated by ESR [131, 208, 209]. Recently it became possible to investigate the ESR of
YbRh2Si2 near the QCP [210] and also spectroscopic microwave experiments concerning the
electrical conductivity at GHz frequencies, have been performed on YbRh2Si2 utilizing su-
perconducting stripline resonators. The experiments have been performed by K. Parkkinen
and M. Scheffler (Uni Stuttgart) at temperatures and fields close to the QCP [176]. In a
temperature range of 40− 600 mK and at magnetic fields of up to 140 mT the different elec-
tronic phases in a large YbRh2Si2 which became part of the resonator were probed with a set
of different magnetic fields. Signatures of transitions between AFM, non-FL, and FL phases
were clearly observed in the microwave response. Recently, angle-dependent measurements
have been performed by L. Bondorf and M. Scheffler (Uni Stuttgart)[177] at 1.6 K, as a first
step towards the investigation of the anisotropy in the electron-spin resonance in the low
temperature region in future experiments.

Time-resolved investigation of the Kondo state using THz radiation

A completely new approach to investigate the time-development of the Kondo state became
possible due to the work performed by Christoph Wetli, Manfred Fiebig (ETH Zurich) and
Johann Kroha (Uni Bonn). It is known that THz measurements on metallic samples are
hindered due to the high reflectivity of metals. Recently, C. Wetli investigated CeCu6−xAux
(Kondo temperature TK ≈ 8 K) using THz radiation and was able to evaluate the ex-
tremely weak signal caused by the destruction and recreation of a quasiparticle [211]. First
time-resolved measurements were also performed on YbRh2Si2. Here it turned out to be
more difficult to separate the signal from the background: Due to the higher TK ≈ 25 K of
YbRh2Si2, the respective signal appears closer to the main signal stemming from the con-
duction electrons [178]. This work will be continued further to explore the possibilities that
open due to the new approach of these time-resolved measurements.
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4

Ce(Ru1−xFex)PO, (x = 0− 1.0)

4.1 Introduction to the series Ce(Ru1−xFex)PO

In the past during the search for ferromagnetic quantum criticality in a cerium based com-
pound, CeRuPO attracted a lot of attention and was studied intensively [40, 66, 213]. The
compound CeRuPO crystallizes in the tetragonal ZrCuSiAs-type structure, shown in Fig. 4.2,
with the space group P4/nmm. The lattice parameters of the compounds LnTPO (lan-
thanide Ln = Ce, La; transition metal T = Ru, Fe) are summarized in Tab. 4.1. The
layered ZrCuSiAs-type structure has a two dimensional character and is also the structure
type of the 1111-iron pnictide superconductors which started to be investigated after the
discovery of superconductivity in LaFePO with Tc = 5 K in 2006 [214] and in fluorine-doped
LaFeAsO with Tc = 26 K in 2008 [215]. The compounds CeRuPO and CeFePO were syn-
thezised in a polycrystalline form and their structure was characterized for the first time
by Zimmer et al. [216]. The tetragonal CeRuPO orders ferromagnetically at TC = 15 K
[40, 217] while in CeFePO a possible spin-glass transition at 750 mK found by ac suscepti-
bility measurements and by muon spin experiments was reported by A. Jesche [218]. The
Kondo temperature of CeRuPO determined from the entropy is TK ≈ 10 K [40] and that
of CeFePO is TK ≈ 10 K [157] as well. It was shown that the ferromagnetism in CeRuPO
turns into antiferromagnetism under pressure at about 2.8 GPa by Kotegawa et al. [219].
The existence of a tricritical point was proposed by Lengyel et al. [213] since the Néel
temperature disappears abruptly around pc ≈ 3 GPa. The existence of a FM QCP in the
substitution series Ce(Ru1−xFex)PO was proposed by Kitagawa et al. [220] who investigated
polycrystalline oriented powder samples of the Ce(Ru1−xFex)PO series by 31P NMR in a
field of 0.5 T. They proposed the occurence of a FM QCP at xc = 0.86. This observation is
in contrast to the pressure studies on CeRuPO by Kotegawa et al. and it might be possible
that a magnetic order, if present in the samples, was modified by the applied field dur-
ing the NMR measurement. Polycrystalline as well as single crystals of the border system
have already been investigated in the past by magnetization measurements. Polycrystalline
CeRuPO shows Curie-Weiss behaviour at high temperatures with ΘW = 8 K [217]. The
magnetic anisotropy of high-quality single crystals was investigated by Krellner and Geibel
[40] and yields the Weiss temperatures for T ≥ 150 K of Θab

W ≈ 4.2 K, Θc
W ≈ −250 K for

H ‖ c and H ⊥ c, respectively, and an effective magnetic moment of µeff = 2.4µB for both
field directions which is close to the theoretically determined value µtheo

eff = 2.54µB for a free
Ce3+ ion. The CEF scheme with a doublet ground state was determined in [172] utilizing
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Figure 4.1: Ce(Ru1−xFex)PO and CeFe(As1−yPy)O: Combined T − x phase diagram. In
Ce(Ru1−xFex)PO, an AFM QCP occurs for x = 0.85. In the system CeFe(As1−yPy)O chem-
ical pressure can be applied by the substitution of As by P. Here, metamagnetic behaviour
indicating an AFM state appears for y = 0.9 K. Figure taken from [212] by courtesy of John
Wiley & Sons, Inc.

the anisotropic magnetic properties as input. The magnetization at 2 K for H ‖ c shows
a hysteresis while for H ⊥ c no hysteresis appears. The magnetization data suggest that
below TC , the magnetic moments align along the crystallographic c-direction [40]. The com-
pound CeRuPO was studied in the past as it was supposed to exhibit a QCP which is a
ferromagnetic one upon applying pressure or chemical doping.

4.2 Summary of the results and outlook

It is known that a QCP occurs in the series Ce(Ru1−xFex)PO for x ≈ 0.86 but its nature
was under debate at the beginning of this thesis. The result of our work was the successful
growth and characterization of single crystals in the substitution series Ce(Ru1−xFex)PO
with x = 0, 0.44, 0.77, 0.86 and 1.0 to provide high-quality samples for further studies of
the putative FM QCP. Our magnetic characterization of the CeRuPO single crystals shows
that we were able to reproduce the data reported before for the pure Ru compound [40].
In the case of CeRuPO, reducing the unit cell volume is possible by substituting Ru by
the smaller Fe and the ordering temperature can be lowered by this substitution. Single
crystals with an area of ≈ 1 mm2 and a thickness of a few µm of the series Ce(Ru1−xFex)PO
have been grown from tin flux [221]. We optimized the parameters for the single crystal
growth and performed a careful characterization of the obtained crystals in the substitution
series by PXRD, EDX and magnetization measurements down to T = 2 K. Magnetization
measurements on CeRuPO revealed ferromagnetic order below TC = 15 K. Samples with
x = 0.44 show order below T ≈ 8 K and hysteresis effects in M(H) which are strongly
sample dependent. These samples are located in the cross-over region from ferromagnetic to
antiferromagnetic order. Clear signatures of antiferromagnetic order below TN = 3 K have
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Ce(Ru1−xFex)PO 4.3. SINGLE CRYSTAL GROWTH

been found for samples with x = 0.77 while samples with x = 0.86 show no magnetic order
down to T = 2 K. In combination with low-temperature measurements by A. Jesche and M.
Brando our magnetization data yield that the ferromagnetic order turns into antiferromag-
netic order for higher Fe concentrations in Ce(Ru1−xFex)PO. The T − x phase diagram can
be drawn according to Fig. 4.1 [212]. The data hint to the existence of an AFM QCP in
this system at x = 0.85 which is consistent with previous pressure studies by Kotegawa et
al. [219] but is not in accordance with the proposal of a FM QCP by Kitagawa et al. [220].

Figure 4.2: LnTPO crystal structure,
space group P4/nmm

a c
[Å] [Å] Ref.

CeRuPO 4.026(1) 8.256(2) [216]

CeFePO 4.01 8.64 [218]

3.9176(17) 8.473(5) this work

SC analysis

LaRuPO 4.034(4) 8.356(0) this work

PXRD

Table 4.1: LnTPO: Lattice parameters

4.3 Single crystal growth from tin flux

To grow single crystals in the series Ce(Ru1−xFex)PO the use of a flux consisting of ele-
mentary tin was necessary since these compounds contain phosphorous. Besides its high
reactivity at low temperatures (sublimation at 416◦C) phosphorous exhibits an extremely
high vapour pressure (p(650◦C)=133 bar) and the flux serves as low melting solvent. The
single crystal growth and characterization of the border systems has been performed already
successfully in the past - the growth of CeRuPO was described in detail in [40] and that of
CeFePO by A. Jesche [218]. The reported growth conditions for the two compounds differ
significantly with respect to the growth temperature as well as in the flux to sample ratio

Figure 4.3: Single crystals of the Ce(Ru1−xFex)PO series.
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4.3. SINGLE CRYSTAL GROWTH FROM TIN FLUX Ce(Ru1−xFex)PO

Growth stoichiometry result x x
No. Ce : RuO2 : P : Fe : SnO2 : Sn nominal EDX

tb001 8 : 4 : 6 : 0 : 0 : 82 poly 0 0

tb016 2 : 0 : 2 : 1 : 1 : 4 SC, 2 mm × 3 mm 1.0 1.0

tb017 8 : 4 : 6 : 0 : 0 : 82 SC, 1 mm × 1 mm 0 0

tb019 2 : 0.4 : 2 : 0.6 : 0.6 : 4.4 SC, 1 mm × 1 mm 0.60 0.44

tb020 2 : 0.2 : 2 : 0.8 : 0.8 : 4.2 SC, 1 mm × 1.25 mm 0.80 0.77

tb021 2 : 0.15 : 2 : 0.85 : 0.85 : 4.15 SC, 1 mm × 1.25 mm 0.85 0.86

Table 4.2: Parameters of the crystal growth of CeRu1−xFexPO and EDX analysis.

Growth Tmax T1 T2 average cooling rate Ar flow
No. [◦C] [◦C] [◦C] [K/h] [ml/min]

tb001 1000 - 500 3.6 −
tb016 1488 1425 890 4 150
tb017 1485 1426 920 4 152
tb019 1597 1538 1052 4.1 151
tb020 1591 1538 1061 4.1 150
tb021 1596 1537 1060 4.1 150

Table 4.3: Growth condition for the CeRu1−xFexPO series.

which made an optimization necessary. This optimization of the growth parameters for the
single crystal growth in the substitution series Ce(Ru1−xFex)PO was performed by T. Ballé
in the course of her Master’s thesis [221]. The growth parameters are summarized in Tab. 4.2
and Tab. 4.3. Experiment tb001 has been carried out in a Nabertherm box furnace using a
SiO2 ampoule while for all other experiments a high-temperature GERO furnace (crucible
system Al2O3 in Nb) was used. During heating with 50 K/h, a holding period of 5 h was
included at 450◦C to allow for the slow reaction of phosphorous with the tin flux. The
maximum temperature Tmax was held for thom = 1 h to ensure the complete homogenization
of the melt followed by a fast lowering of the temperature to T1. Between T1 and T2 the
temperature was lowered slowly. The growth was terminated by a fast cooling step with
≈ 200 K/h. After the growth the tin flux was removed by etching in hydrochloric acid. In
some experiments foreign phases like Ru3Sn7, RuP2, Ce2Fe12P7 or SnO2 appeared which
did not dissolve in HCl. The successful optimization yielded thin single crystal platelets for
x = 0, 0.44, 0.77, 0.86 and 1.0 shown in Fig. 4.3 of an area up to several mm2 and a thickness
of a few micrometers.
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Figure 4.4: Ce(Ru0.23Fe0.77)PO single crystal (a) Molar susceptibility χ(T ) at different fields.
(b) Field dependence of the magnetization M(B) at temperatures below and above the AFM
phase transition at TN = 3 K.

4.4 Magnetization

The magnetization of the single crystals was measured using the VSM option of the PPMS.
The field dependence of the magnetization of several Ce(Ru1−xFex)PO, x = 0.44 single crys-
tals was investigated and strong sample dependencies were found, Fig. 4.5 (a). The samples
of this batch order magnetically below T ≈ 8 K and show the cross-over from ferromagnetism
close to the border system CeRuPO to an AFM order for higher Fe concentrations. Four
samples with x = 0.77 that were investigated show AFM order. For H ⊥ c, the magnetic
susceptibility, Fig. 4.4, (a), increases upon cooling down to the Néel temperature of TN = 3 K,
and afterwards decreases rapidly for µ0H = 0.1 T and 0.5 T. The magnetic transition is not
as pronounced as for H ⊥ c but also visible for H ‖ c. For both field directions, the magnetic
transition is shifts to lower temperatures for higher fields which is a characteristic property
of an antiferromagnet. Above 1 T, no magnetic order is found down to 2 K. The field de-
pendence of the magnetization at 2 K, depicted in Fig. 4.4, (b), shows a weak metamagnetic
transition for H ‖ c while for H ⊥ c the increase is linear. The magnetization clearly shows
the absence of FM order in the sample with x = 0.77 and a transition into the AFM state at
TN = 3 K. Three samples with x = 0.86 were examined and show no order down to T = 2 K.
The field dependence of the magnetization of one of the single crystals is shown in Fig. 4.5,
(b).
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4.5. SYNTHESIS OF LaRuPO Ce(Ru1−xFex)PO
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Figure 4.5: (a) Field dependence of the magnetization measured on two different
Ce(Ru0.56Fe0.44)PO samples with H ‖ 001 at T = 2.2 K. (b) Field dependence of the
magnetization of a paramagnetic Ce(Ru0.14Fe0.86)PO single crystal for H ‖ 001 and H ⊥ 001
at 2 K. Due to the extremely low weight of the samples, no reliable absolute value of the
magnetization can be given.

Growth stoichiometry result duration Tmax T2 Ref.
No. La : RuO2 : P : Sn h [◦C] [◦C]

1001 7 : 3.5 : 5.25 : 84.25 poly, 130 985 500 [172]
SC 0.1 mm× 0.1 mm

Table 4.4: Parameters of the synthesis of LaRuPO in a quartz ampoule using a Nabertherm
box furnace. While the main part of the synthezised material was polycrystalline some small
single crystals (SC) were also found after removing the flux by etching with hydrochloric acid.

4.5 Synthesis and characterization of LaRuPO

To further investigate the pure compound CeRuPO concerning the magnetic (spin wave)
and crystal-field excitations by INS several grams of polycrystalline material have been syn-
thesized. Additionally, the non-magnetic LaRuPO as a phonon reference has been prepared.
The parameters for the synthesis are summarized in Tab. 4.4. The elements were weight in
non-stoichiometrically 4.4 and sealed in an evacuated quartz ampoule. The synthesis was
performed in a Nabertherm box furnace. The furnace was heated up to Tmax = 985◦C and
cooled down slowly with a rate of 4 K/h to T2 = 500◦C. Afterwards the furnace was switched
off leading to a cooling rate of ≈ 200 K/h. The flux was removed by etching in hydrochlorid
acid.
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5

LnT2Si2
(Ln = Sm, Gd, Ho; T = Rh, Ir)

5.1 Bulk and surface properties of materials with

ThCr2Si2-type structure

In the following sections, the single crystal growth and characterization of tetragonal anti-
ferromagnetic materials is described. In particular their surface related magnetic properties
are subject of interest. In the first step, we characterize their bulk properties to provide a
firm basis for the interpretation of the subsequent ARPES measurements. The materials
with ThCr2Si2-type structure contain Ln ions and show local-moment magnetism due to the
spatially localized character of the 4f -wave functions. The magnetic moments of the Ln ions
polarize the spins of the conduction electrons which mediate the magnetic exchange (RKKY
interaction). Unlike cerium and ytterbium compounds, in which the Ln-4f shell contains one
electron or one electron hole with a non-magnetic configuration (Ce4+/Yb2+) close in energy
to a magnetic one (Ce3+/Yb3+) and therefore can show the Kondo effect, the materials pre-
sented in this section show local-moment magnetism and no Kondo effect. In Tab. 5.1, an
overview about the magnetic structures of related compounds containing Pr, Nd, Tb, Dy and
Er is provided. For these compounds, the magnetic structures were determined by neutron
diffraction which is hindered in the cases of Sm, Gd and Ho compounds due to their large
absorption cross sections for neutrons. Consequently, the magnetic structures of the latter
are usually not available in the literature. Accept for HoRh2Si2 [222], the physical properties
of the compounds LnT2Si2 (Ln=Sm, Gd, Ho; T=Rh, Ir) were poorly documented and we
therefore characterized them from the ground up in preparation of the ARPES studies. In
materials where electronic surface states, like Dirac or Shockley states [108, 109, 111, 112],
arise these states can be investigated by spectroscopic techniques like ARPES at the surface
of the single crystals. The aim is to find materials which possess electronic surface states
and to identify control parameters by which these could be manipulated to open a path
for future application. In Sec. 5.3 and Sec. 5.4, the growth of the single crystals and their
characterization by PXRD, EDX and Laue method is described. The results of the electrical
transport, heat capacity and magnetization measurements are shown in Sec. 5.5 to Sec. 5.9
separately for each compound.
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5.2. SUMMARY OF THE RESULTS AND OUTLOOK LnT2Si2

5.2 Summary of the results and outlook

We have grown single crystals of materials containing different lanthanide ions where the
occurrence of electronic surface states was predicted by band structure calculations. To
perform ARPES experiments the requirements on the purity of the single crystals are high
since only samples with a low amount of crystal defects allow for a high resolution of the
measured data. Another criterion besides the purity is the sample size. The single crystals
should have a thickness of about 200µm and a minimum area of 2 × 2 mm. We therefore
optimized the growth parameters with respect to the largest single crystal size and the highest
possible purity in our crystal growth experiments. Finally, we obtained large single crystal
platelets with an area of up to 12 mm2 and a thickness of 50−300µm. The growth procedure
which was originally developed for the growth of YbRh2Si2 from indium flux turned out to be
quite robust and could be adapted for the growth of the related compounds by small variation
of the growth parameters. We have successfully grown single crystals of these compounds
from indium flux for the first time. Their purity was characterized by determining the
residual resistivity ratio RR1.8 K for each compound. We obtained for all compounds, except
for HoRh2Si2, RR1.8 K ≥ 25 with j ⊥ c. Their thermodynamic and anisotropic electrical
transport and magnetic properties, which were not known before, have been studied in this
work [223]. A summary of some physical properties can be found in Tab. 5.2. In contrast
to Pr, Nd, Tb, Dy and Er compounds, the study of compounds containing Sm, Gd or Ho
by neutron scattering experiments is hindered due to the high absorption cross section of
the Ln ion [224]. We therefore obtained information on their magnetic properties through
bulk magnetization measurements. Additionally, in the case of GdRh2Si2 RIXS was used to
investigate its magnetic structure in collaboration with K. Kummer [225].
The paramagnetic resonance was studied in collaboration with J. Sichelschmidt [226] and as
a follow up, it was found that in the ordered regime the rotation of the AFM order parameter
driven by an external rotating field can be traced by ESR [227].
ARPES revealed two-dimensional electron states at the Si-terminated surface of GdRh2Si2.
These Dirac and Shockley surface states exhibit itinerant magnetism and their spin splitting
arises from a strong exchange interaction with the ordered Gd 4f moments [115]. The surface
states in HoRh2Si2 are affected by the electromagnetic exchange interaction (RKKY) as well
as by the spin-orbit coupling. The study revealed that the temperature can be used as a
tuning parameter for the surface magnetism since the temperature dependent changes in
the moment orientation in the bulk reflect in the surface properties [116]. ARPES studies
revealed that for Sm ions in SmRh2Si2, the electronic properties of bulk and surface are
rather similar and the Sm ions behave in both cases slightly mixed valent. Their mean
valence was estimated to be about 2.94 at T = 10 K [114]. Such a reduction of the valence
of the Sm ion might be caused by a Kondo screening but our characterization of the bulk
properties of this compound did not show any signatures of the Kondo effect in SmRh2Si2.
The electronic states of the compounds were investigated by ARPES in collaboration with
D.V. Vyalikh and coworkers.
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LnT2Si2 5.2 SINGLE CRYSTAL GROWTH AND CHARACTERIZATION

TN
~k TN2

~k moment
orientation

ref.

[K] TN2 < T < TN [K] T < TN2

PrRh2Si2 68 (0 0 1) − − ‖ c [228]

PrIr2Si2 45.5 (0 0 5/6) 23.7 (001) − [229]

NdRh2Si2 56 (0 0 1) − − ‖ c [230]

NdIr2Si2 33 18 (0 0 1) ‖ c [231]

TbRh2Si2 98± 2 (0 0 1) − − ‖ c [232]

TbIr2Si2 72± 3 (0 0 1) − − ‖ c [232]

DyRh2Si2 52± 2 (0 0 1) 18 (0 0 1) ‖ c
canted ≈ 19◦

below TN2

[233]

DyIr2Si2 40± 3 (0 0 1) − − ‖ c [234]

ErRh2Si2 12.8± 2 (0 0 1) − − ⊥ c [230]

ErIr2Si2 10± 3 (0 0 1) − − ⊥ c [233]

Table 5.1: LnRh2Si2 and LnIr2Si2 (I4/mmm): Magnetic order below TN with magnetic

propagation vector ~k determined by neutron diffraction. In some compounds, a second
magnetic ordered phase was found below TN2.

TN TN2 γ0 µexp
eff µtheo

eff RR
j‖c
1.8K a/c reference

[K] [K] [ mJ
molK2 ] [µB] [µB] RRj⊥c

1.8K

6 [223],

GdRh2Si2 107 - 3 8.28 7.94 23 0.405 this work

10

SmRh2Si2 64 - 8 - 0.85 25 0.404 this work

8.3 [235],

HoRh2Si2 29 11.8 39 11.1 10.6 14.5 0.406 this work

18

GdIr2Si2 86 - 27 8.26 (B ‖ 001) 7.94 30 0.409 this work

12

HoIr2Si2 22 - 37 10.64 (B ‖ 001) 10.6 29 0.410 this work

Table 5.2: Summary of some properties of the compounds LnT2Si2 with the space group
I4/mmm.
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5.3. SINGLE CRYSTAL GROWTH FROM INDIUM FLUX LnT2Si2

Figure 5.1: LnRh2Si2 single crystals. Left: SmRh2Si2 with Laue pattern. The pattern
shows the fourfold symmetry of the tetragonal lattice. Sharp reflections indicate the high
crystallinity of the single crystal. Middle: GdRh2Si2. Right: HoRh2Si2.

5.3 Single crystal growth from indium flux

No successful single crystal growth of SmRh2Si2, GdRh2Si2, GdIr2Si2 and HoIr2Si2 had
been reported in the literature at the beginning of this work. The single crystal growth of
HoRh2Si2 by applying the Czochralski method without specifying the parameters in detail
was reported by Shigeoka et al. [235]. We have grown LnRh2Si2 (Ln = Sm, Gd, Ho) single
crystals from In flux as described in [168, 223]. The ideal initial stoichiometry for a crystal
growth experiment is influenced by the solubility of the starting materials in the flux. For
YbRh2Si2 the careful optimization of the stoichiometry was described in [168], but since
the solubility of Yb and Sm (Gd, Ho) in In is different we did not use the composition
that was found to be ideal for the growth of the Yb compound. Instead, the initial weight
of Sm (Gd, Ho), Rh (Ir) and Si was chosen to be stoichiometric for the first experiments
together with 96 at% In. This elements-flux ratio was used in analogy to that reported for
YbRh2Si2 [168]. We found that this indium-flux method is quite robust. It can be adapted
to grow many related compounds by using only slightly changed growth parameters. These
parameters of the crystal growth and the temperature-time profiles for the experiments can
be found in Tab. 5.3 and Tab. 5.4 for the rhodium compounds, and in Tab. 5.6 and Tab. 5.5
for the iridium compounds. The temperature profile was chosen in analogy to that reported
for YbRh2Si2 and optimized accordingly. For the growth of some compounds, not only the
temperature-time profile has been optimized but also the stoichiometry of the initial weight.
All experiments have been performed in the high-temperature GERO furnace. The furnace
was heated up to the maximum furnace temperature of Tmax = 1550◦C with a rate of 300 K/h.
After a homogenization period of 1 h the furnace was moved upwards applying a fast-move
period (v = 100 mm/h) in the first and a slow-move period (v = 1 mm/h) in the second step.
The first step was done to lower the temperature quickly to T1 after the homogenization
of the melt and to avoid the long exposure at a high temperature which might lead to an
enhanced pollution of the melt with crucible material graphite. During the slow-move period,
the crystal growth took place. This step was terminated at T2. Afterwards, the furnace was
cooled down with 200 K/h to room temperature. For the iridium compounds, the cooling
was performed with a lower cooling rate (∆T = 50 K/h) than for the rhodium compounds
(∆T = 200 K/h). The idea was to include an annealing period and to obtain crystals
in the low-temperature ThCr2Si2-type crystal structure I4/mmm. The indium flux was
removed from the single crystals by etching with 32% hydrochloric acid. The investigation
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LnT2Si2 5.3. SINGLE CRYSTAL GROWTH FROM INDIUM FLUX

of the resulting crystals (PXRD, EDX) revealed the formation of SmRh2Si2, GdRh2Si2 and
HoRh2Si2 besides a binary RhIn compound. The analysis of the PXRD pattern of the
iridium compounds yielded that we obtained GdIr2Si2 and HoIr2Si2 in the ThCr2Si2-type
crystal structure. The single crystals had a platelet-like habitus. Their dimensions can be
found in Tab. 5.7.

• The SmRh2Si2 growth experiments yielded thin single crystal platelets. These platelets
have been partly covered by a crystalline layer of a secondary phase. The EDX analysis
showed that this layer consists of Rh and Si. Besides these thin single crystal platelets,
in some experiments also a polycrystalline part formed at the bottom of the crucible
from which some larger single crystal grains could be extracted. Growth 801 yielded
several single crystal grains with d = 0.8 mm and m = 9 mg and growth 804 with
d = 0.9 mm and m = 20 mg.

• The GdRh2Si2 single crystals had a platelet-like habitus and an RR1.8K = 25. The
first crystals had an average thickness of d = 15µm which is much thinner compared
to YbRh2Si2 single crystals grown with the same method. To approach the required
sample thickness of about 200µm, the crystal growth was optimized and the optimiza-
tion of the temperature-time profile yields single crystals with an up to 60 times larger
mass compared to the starting experiment.

• Single crystals of HoRh2Si2 could be grown with a high yield after extension of the
slow-move period towards a higher (T1 = 1530◦C) as well as a lower temperature
(T2 = 1065◦C).

• The first growth experiment of GdIr2Si2, where the initial charge was composed stoi-
chiometrically, yielded phase pure polycrystalline material as well as a few small single
crystals of ≈ 3 mg. The change of the initial stoichiometry to the ratio Gd : Ir : Si =
11 : 9 : 9 increased the weight of the single crystals to ≈ 7 mg but the increase of the
Gd content in the initial melt led to the formation of single crystals which crystallized
partially in the high-temperature phase (HTP), P4/nmm. It was not possible to trans-
form these single crystals into the low-temperature phase (LTP) during one week of
annealing in an evacuated quartz ampoule at T = 1000◦C, in contrast to the successful
transformation of CeIr2Si2 by Niepmann et al. [236]. Although the PXRD patterns
prove the absence of the HTP in the single crystals, the obtained ARPES spectra do
not show sharp electronic bands. The reason might be that the transformation from
the HTP to the LTP in the single crystals is not finished and traces of the HTP are
still present. The complete avoidance of conditions where the HTP forms seems to be
key to provide crystals for spectroscopic studies. This will be a task for future growth
experiments.

• The first growth experiments of HoIr2Si2 yielded phase pure polycrystalline material
in the LTP and only a few small single crystals. Here, a significant enlargement of the
single crystal sizes was obtained by the optimization of the temperature-time profile
and an upscaling of the initial weight.
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5.3. SINGLE CRYSTAL GROWTH FROM INDIUM FLUX LnT2Si2

SmRh2Si2 stoichiometry T profile remarks d m RR1.8K

Growth No. Sm:Rh:Si No. [µm] [mg] j ⊥ c

801* 1:2:2 Sm01 Rh3In7 20 0.4 25

802 1:2:2 Sm02 Rh3In7 +
layer

< 15 < 0.4 -

803 1:2:2 Sm01 Rh3In7 +
layer

60 - 70 1 -

804 1:2:2 Sm03 Rh3In7 +
Rh-Si layer

20 - 30 0.5 -

GdRh2Si2 stoichiometry
Growth No. Gd:Rh:Si

301 1:2:2 Gd01 - 15 0.45 25
302 1:2:2 Gd02 - 650 9.1 21
303* 1:2:2 Gd03 initial charge

doubled
575 26.5 24

304* 1:2:2 Gd03 same charge
as 303

610 25 -

305* 1:2:2 Gd03 same charge
as 303

635 24.3 -

HoRh2Si2 stoichiometry
Growth No. Ho:Rh:Si

501 1:2:2 Ho01 - 28 2.8 −
502* 1:2:2 Ho02 initial charge

doubled
295 10.8 14.5

Table 5.3: Parameters of the crystal growth of the LnRh2Si2 compounds. d is the shortest
dimension of the platelets and m is the average mass. Both were determined by taking the
average over 10 single crystals. The parameters of the T profiles can be found in Tab. 5.4.
The experiments which gave the best result with respect to the crystal size and purity are
marked by an asterisk.
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T profile furnace Tmax T1 v T2 duration
No. [◦C] [◦C] [mm/h] [◦C] [h]

Sm01* GERO 1550 1505 1 1270 88

Sm02 GERO 1550 1535 1 1075 160

Sm03 GERO 1550 1505 1 1075 121

Gd01 GERO 1550 1475 1 1230 85
Gd02 GERO 1550 1500 1 1010 157
Gd03* GERO 1550 1520 1 1070 157

Ho01 GERO 1550 1515 1 1340 72

Ho02* GERO 1550 1530 1 1065 157

Table 5.4: Measured parameters of the temperature-time profiles of the crystal growth for
the LnRh2Si2 compounds.

Figure 5.2: Left: GdIr2Si2 single crystal (I4/mmm). Middle: GdIr2Si2 single crystal from
growth 1103. The crystals from this batch crystallized partially in the high-temperature
phase (P4/nmm). Right: HoIr2Si2 single crystal (I4/mmm) and Laue pattern showing
the fourfold symmetry of the tetragonal lattice. The Laue patterns of the Ir compounds
show less sharp spots than of the Rh compounds, compare Fig. 5.1, indicating their poorer
crystallinity.

T profile furnace Tmax T1 v T2 duration
No. [◦C] [◦C] [mm/h] [◦C] [h]

GdIr01 GERO 1550 1520 1 1010 160

GdIr02* GERO 1550 1530 1 1070 160

GdIr03 GERO 1550 1535 1 1080 160

HoIr01 GERO 1600 1564 1 1400 99

HoIr02 GERO 1550 1525 1 1050 160

HoIr03 GERO 1550 1515 1 1380 160

HoIr04* GERO 1550 1535 1 1090 160

Table 5.5: Measured parameters of the temperature-time profiles of the crystal growth for
the LnIr2Si2 compounds.
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GdIr2Si2 stoichiometry T profile remarks d m RR1.8K

Growth No. Gd:Ir:Si No. [µm] [mg] j ⊥ c

1101 1:2:2 GdIr01 polycrystalline,
few crystals

250 - 400 3.0 - 3.5 −

I4/mmm
1102* 1:1:1 GdIr02 single crystals

2×2 mm2

180 - 200 10 - 20 30

I4/mmm
1103 11:9:9 GdIr03 single crystals

1.5×1 mm2

300 5 - 7 −

P4/nmm
(62%)

I4/mmm
(38%)

HoIr2Si2 stoichiometry
Growth No. Ho:Ir:Si

901 1:2:2 HoIr01 polycrystalline,
few platelets

100 - 150 0.3 −

902 1:2:2 HoIr02 polycrystalline,
few platelets

120 - 160 0.6 −

903 1:2:2 HoIr03 polycrystalline,
platelets
1×1 mm2

120 - 150 1.5 - 2 −

904* 1:2:2 HoIr04 upscaled,
platelets
2×3 mm2

400 - 650 32 29

Table 5.6: Parameters of the crystal growth of the LnIr2Si2 compounds. d is the shortest
dimension of the platelets and m is the average mass. Both were determined by taking the
average over 10 single crystals. The parameters of the T profiles can be found in Tab. 5.5.
The experiments which gave the best result with respect to the crystal size and purity are
marked by an asterisk.
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5.4 Structural and chemical characterization

LnRh2Si2

The compounds LnRh2Si2 crystallize in the tetragonal body-centered ThCr2Si2-type struc-
ture (I4/mmm) which consist of layers of edge sharing RhSi tetrahedra alternating with Ln
atoms. The structure type is quite common among compounds with the chemical notation
AT2X2 (A = alkaline metal, lanthanide or actinide, T = transition metal, X = element with
metallic and/or non-metallic properties). Silicides in this structure type show a large variety
of physical properties such as superconductivity (CeCu2Si2 [9], YbRh2Si2 [11]), hidden-order
(URu2Si2 [237]) or quantum critical behaviour (YbRh2Si2 [169]).

LnIr2Si2 polymorphism

The compounds LnIr2Si2 crystallize in two structure types, namely the tetragonal body-
centered ThCr2Si2-type structure (I4/mmm) and the primitive CaBe2Ge2-type structure
(P4/nmm). Both structure-types can be deduced from the BaAl4 structure, but in the HTP
the order of two layers of Ir and Si is changed which leads to a reduced symmetry in the
structure. The ThCr2Si2-type structure is the LTP and the CaBe2Ge2-type structure is the
HTP. The HTP can be transformed into the LTP by annealing, as reported for CeIr2Si2 by
Niepmann and Pöttgen [236]. Here, annealing at T = 870 K enclosed in evacuated silica tubes
for two weeks led to the complete transformation of β-CeIr2Si2 (HTP) into α-CeIr2Si2 (LTP).
Polymorphism in AIr2Si2 (A = lanthanide) was also already found and is well documented
for a large number of compounds, among them for instance YbIr2Si2, LaIr2Si2, GdIr2Si2 and
HoIr2Si2 [238, 239]. In the past, the cleavability of Ir-compounds like YbIr2Si2 was not as
good as that of the respective Rh compound. The reason for that might be the existence of
the high-temperature phase for the Ir compounds which might hinder the cleavability, if the
transformation to the low temperature phase is incomplete. We therefore carefully checked
the crystal structure by PXRD to ensure the complete transformation of the single crystals
into the low-temperature structure.

PXRD

Powder x-ray diffraction measurements on the LnRh2Si2 and the LnIr2Si2 compounds con-
firmed the I4/mmm tetragonal structure. The lattice constants of SmRh2Si2, GdIr2Si2 and
HoIr2Si2 which show a large spread in the documented values or are poorly characterized in
the literature were determined and can be found in Tabs. 5.8, 5.9 and 5.12, respectively. A
single crystal structural analysis was performed on GdIr2Si2 and HoIr2Si2 to determine the
Si z-position in the structure. The result is shown in Tab. 5.10 and Tab. 5.13.

W. Bazela analyzed the crystal and magnetic structure parameters in LnT2X2 compounds
and found that for the ratio of the lattice constants a/c < 0.415 collinear magnetic structures
occure while above this value modulated structures are observed [240] . In Tab. 5.2 the a/c
ratios for the Rh and Ir compounds are summarized and in all cases a/c < 0.415 which hints
to collinear magnetic structures in these compounds.
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LnT2Si2 d/l [mm/mm] face 1 face 2 face 3

SmRh2Si2 0.02/3 {001} {100} {110}
GdRh2Si2 0.6/3.5 {001} {110} 80%, {100} 20% {100} 80%, {110} 20%

HoRh2Si2 0.25/4 {001} {110} {100}
YbRh2Si2 0.2/3 {001} {110} 80%, {100} 20% {100} 80%, {110} 20%

GdIr2Si2 0.35/1.1 {001} {100} {110}
HoIr2Si2 0.65/2.8 {001} {100} {110}

Table 5.7: LnT2Si2 (I4/mmm): Naturally grown faces; face 1 is the largest and face 3 is the
smallest face. d is the thickness in mm averaged over ten single crystals and l is the largest
extension in mm perpendicular to d of the single crystals.

EDX

The chemical composition determined by EDX microprobe analysis revealed (20±1)at.% Ln,
(40±1)at.% Rh and (40±2)at.% Si. We cannot exclude some Rh-Si site exchange within these
error bars; however, for the related compound YbRh2Si2 a detailed structural and chemical
analysis was conducted by highly accurate X-ray diffraction and wavelength dispersive X-
ray spectroscopy measurements [241]. There, it turned out that the structure accepts some
Rh-Si site exchange, with a rather small homogeneity range for Rh, which was found to be
40.0− 40.2 at.%.

X-ray Laue

In preparation of the single crystals for the physical characterization their orientation was
determined using the Laue method. The Laue pattern of a tetragonal single crystal shows a
symmetric pattern of reflections. The symmetry of the Laue pattern reflects the symmetry
of the crystal structure. Although no quantitative statement about the crystallinity can be
made from the comparison of different Laue patterns, qualitative observations give useful
information. Sharp Laue reflections indicate a high crystallinity of the investigated sample.
The Laue pattern of flux-grown single crystals usually show extremely sharp Laue spots
since the single crystals grew freely in the flux without any force acting on them. In the
course of this work it turned out, that Laue pattern from LnRh2Si2 show sharp reflections
as expected. In contrast, the reflections in the Laue pattern of LnIr2Si2 (I4/mmm) crystals
were much broader and washed out for all investigated single crystals. This is probably due
to the fact that a transformation from the HTP to the LTP took place during the growth
which led to a distorted lattice.
All single crystals grown from indium flux exhibit naturally grown faces. The existence of
faces leads to conclusions about the growth velocity of the respective faces of a single crystal
[28]. This is due to the fact that the fast growing faces disappear and the slow growing
persist. For the different LnT2Si2 compounds we summarize the occuring faces and also
determined the frequency of the occurence of the in-plane faces in Tab. 5.7. In the course of
this work, more than 350 single crystals have been oriented. Most of them in preparation of
the spectroscopic measurements.
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a[Å] c[Å] V[Å3] Reference

4.05(4) 10.0(3) 164.8 [247], [248]

4.042 10.01 163.5 [251]

4.051(2) 10.020(7) 164.5 [249],[250]

4.055(5) 10.040(2) 165.1 this work

Table 5.8: Lattice parameters of SmRh2Si2 (I4/mmm).

5.5 SmRh2Si2

Sm-based compounds have been studied rarely in the past compared to compounds con-
taining lanthanide ions like Ce, Eu, Gd, Ho or Yb, but the recent discovery of topologically
insulating behaviour in SmB6 [242–244] renewed the interest in the community in Sm-based
compounds in general. Some Sm compounds exhibiting strongly correlated electron be-
haviour like the heavy-fermion compounds SmOs4Sb12 [245] or SmT2Al20 [246] have a com-
plex crystallographic structure and the characterization of systems with lower complexity is
highly desired. At the beginning of this work, the crystal structure of SmRh2Si2 was already
known [247, 248] and an isothermal section (T = 870 K) of the ternary Sm-Rh-Si phase
diagram had been explored by Morozkin et al. [249, 250]. Susceptibility measurements as
well as electrical resistivity measurements on polycrystalline samples had been reported by
different authors: Signatures of magnetic transitions in the susceptibility at 62, 35 and 10 K
and a kink in the resistivity at 60.5 K were observed by Kochetkov et al. [251]. Felner
and Nowik reported about peaks in the susceptibility at 8 ± 2 K and 46 ± 2 K [248]. From
these reported data, the determination of the precise value of the Néel temperature was not
possible.

Heat capacity and entropy

In Fig. 5.3 specific-heat data are shown for the two related materials SmRh2Si2 and LuRh2Si2.
The latter serves as a non-magnetic reference system with a completely filled 4f−shell. The
LuRh2Si2 data were taken from Ref. [252]. For SmRh2Si2 a pronounced and sharp λ-type
anomaly is observed at TN = 64 K, establishing a second order phase transition into the AFM
ordered phase. For T < 6 K the specific heat of SmRh2Si2 fits to C/T = γ0 + βT 2 (cf. inset
(b) of Fig. 5.3) with the Sommerfeld coefficient γ0 ≈ 8mJ/(molK2). A Debye temperature
of ΘD ≈ 460 K can be calculated from the slope β according to β = 12 · 5π4R/(5Θ3

D)
but β certainly is not only influenced by the phonon contribution to the specific heat but
also by a magnon contribution since it was determined in the ordered phase. The phonon
and a possible magnon contribution to the specific heat can not be separated since their
temperature dependence is the same in this 3D AFM material. The determined Debye
temperature therefore is too large and not reliable.

Fig. 5.3 shows that the magnetic part of the entropy of the system increases up to the
phase transition and increases further towards higher temperature. The Sm ion with J = 5/2
has 6 possible states and without the presence of CEF effects the entropy would amount to
S4f = R ln 6 at the phase transition. By subtracting the heat capacity of the non-magnetic
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Figure 5.3: Left: (a) Specific-heat data as function of temperature for a single crystal
of SmRh2Si2 and polycrystalline LuRh2Si2 (from Ref. [252]). Inset (b) enlarges the low-
temperature part of the specific heat of SmRh2Si2, plotted as C/T versus T 2. From a linear
fit below T = 6 K, the Sommerfeld coefficient and the Debye temperature was extracted.
Inset (c) shows the magnetic entropy. Right: Temperature dependence of the normalized
resistivity ρ(T )/ρ(300 K) for j ‖ c and j ⊥ c. At TN = 65 K the onset of antiferromagnetic
order is indicated by kinks in the curves for both current directions.
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reference compound LuRh2Si2 [252] we obtained the magnetic part of the specific heat C4f

and by integrating C4f/T the entropy which is connected to the magnetic part of the heat
capacity. We find that the entropy is larger than R ln 2 at the phase transition which shows
that besides the ground state doublet also the occupation of higher levels contributes to the
entropy. At the Néel temperature only half of the expected value of R ln 6 is reached, Fig. 5.3
left panel, inset (c).

Electrical resistivity

Electrical transport data, Fig. 5.3, right panel, show anisotropic behaviour for current flow
parallel and perpendicular to the [001]-direction below TN. We determined RR

j‖c
1.8 K = 10 and

RRj⊥c
1.8 K = 25. The absolute value of ρ(T ) at room temperature for the in-plane resistivity

was about 80µΩcm. For better comparison of the data with j ‖ c and j ⊥ c, we present the
normalized resistivity ρ(T )/ρ300 K. For both directions, the resistivity shows a linear-in-T
behaviour from 300 K to the AFM phase transition. Upon cooling, at TN a change of the
slope of the resistivity curves occurs and the decrease of the resistivity becomes stronger. In
previous work, RRR = ρ200K/ρ0 ∼ 5 was determined for polycrystalline material [251]. The
residual resistivity ratios RRR = ρ300K/ρ0 ∼ 25 (corresponding to RRR = ρ200K/ρ0 ∼ 17.5)
determined on our samples for j ⊥ c shows that we succeeded in growing high-quality crystals
using an indium flux.

Temperature dependence of the magnetization

The magnetic moment of the Sm ions in SmRh2Si2 is small and the signal often is domi-
nated by the background contribution. We therefore studied this material by using large
single crystals with a mass of about 30 mg. The temperature dependent magnetization mea-
surements up to 600 K have been carried out by J. Banda and M. Brando (MPI CPfS). In
Fig. 5.4, the temperature dependence of the susceptibility for a field of B = 5 T along two
main symmetry directions is shown. Upon cooling, the transition into the AFM-ordered
state appears at the Néel temperature TN = 65 K. For B ⊥ c, the susceptibility decreases
strongly below TN and shows a small increase at lowest temperatures. This feature varies
from sample to sample and is probably caused by a paramagnetic defect contribution. The
comparison of the susceptibility curves for both field directions yield that below TN the mag-
netic moments are ordered within the basal plane of the tetragonal lattice. Additionally, our
data shows the absence of further magnetic transitions which were proposed by [247] and
[251] in previous works. The inverse susceptibility as shown in the right panel of Fig. 5.4 up
to T = 600 K does not exhibit Curie-Weiss behaviour and it is a well known fact, that for
Sm compounds often Van-Vleck-like paramagnetic contributions to the magnetization occur
[55].

Sm has the electronic configuration [Xe] 4f6 6s2 and according to Hund‘s rules a Sm3+

ion (4f 5 configuration) has L = 5, S = 5/2, J = L − S = 5/2. In contrast, a Sm2+ ion
(4f 6 configuration) has L = 3, S = 3, J = L− S = 0. For Sm2+ ions the ground state with
J = 0 would not cause any paramagnetic effect. In this case Van Vleck contributions from
higher levels would be the only contribution to the susceptibility [54]. In our case, ARPES
experiments led to the conclusion that the deviation from the 3+ valence of the Sm ions in
the bulk and at the surface is small. The mean valence was estimated to be about 2.94 at
10 K [114]. Hund‘s rules allow for the prediction of the ground state of a Sm3+ ion but give
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no information about excited states or how close in energy they are from the ground state.
It is well known, that in Sm compounds not only the ground state multiplet is populated
but also low-lying excited states which have different J than the ground state. Those excited
states which exhibit a close proximity in energy to the ground state are also significantly
populated which leads to a shift in the effective magnetic moment µeff compared to the value
predicted for a system where only the ground state is populated. The determination of the
effective magnetic moment from the slope of a linear fit to the inverse susceptibility χ−1(T )
according to Eqn. 1.22 is therefore not possible since this is applicable for systems where only
the ground state is populated and where the inverse susceptiblity shows a linear behaviour at
high temperatures [54]. To conclude, we found that in SmRh2Si2 the occupation of excited
levels close to the ground state leads to a Van-Vleck like paramagnetic contribution to the
susceptibility. Consequently, no information about the valence of the Sm ions in SmRh2Si2
can be obtained by this method.

Field dependence of the magnetization

The field dependence of the magnetization was investigated using the VSM option of a
Quantum Design PPMS at T = 2.15 K in fields up to B = 9 T. In Fig. 5.5, the magnetization
for fields applied along the main symmetry directions is shown. Here, the magnetization
shows anisotropic hystereses effects. While the slope of M is constant for field B along the
[001] direction, for B ⊥ 001, it is smaller and shows hysteresis effects. This field dependent
behaviour is consistent with a moment orientation in the basal plane of the tetragonal lattice.
The occurence and size of the hystereses effects is strongly sample dependent.

ARPES

The valence of the Sm ions in our SmRh2Si2 single crystals was studied by ARPES and
contributions from the bulk as well as from the surface to the photoemission spectrum have
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been determined. Divalent Sm 4f contributions to the photoemission spectrum are expected
close to the Fermi level and have been observed experimentally in the past for Sm metal [253]
and a number of Sm compounds [254, 255]. Such emissions from divalent Sm were mostly
identified as surface valence transitions in the trivalent systems. Our study revealed that for
Sm ions in SmRh2Si2, the electronic properties of bulk and surface are rather similar and
the Sm ions behave in both cases only slightly mixed valent. The mean valence of the Sm
ions in SmRh2Si2 was estimated to be about 2.94 at T = 10 K [114]. Such deviations from
the 3+ valence usually occur in Ce or Yb compounds which show the Kondo effect. Until
now, we did not observe in electrical transport or specific heat measurements any signatures
of a Kondo screening of the Sm ions in SmRh2Si2.

Summary and outlook

We have grown SmRh2Si2 single crystals for the first time which enables us not only to
determine the phase transition temperature but also to study the anisotropic behaviour
of this compound via electrical transport and magnetization measurements. In this work,
single crystals of SmRh2Si2 have been grown by a modified Bridgman method from indium
flux. After an optimization of the temperature-time profile of the growth experiment, we
obtained millimetre-sized single crystals with a platelet habitus with the c axis perpendicular
to the platelet. PXRD measurements on crushed single crystals confirmed the I4/mmm
tetragonal structure. The lattice parameters are in agreement with the data published for
polycrystalline samples and are summarized in Tab. 5.8. The specific heat of SmRh2Si2 shows
a sharp λ-type anomaly at TN = 64 K, establishing a second order phase transition into the
AFM ordered phase. The data can be described by C/T = γ0 + βT 2 with the Sommerfeld
coefficient γ0 ≈ 8mJ/(molK2) for T < 6 K. Magnetic measurements on the single crystals
show the ordering of the Sm3+ moments at TN = 65 K and the reorientation of magnetic
domains for an external field applied in the a−a plane of the tetragonal lattice. The inverse
susceptibility does not exhibit Curie-Weiss behaviour at high temperatures and we found that
in SmRh2Si2 the occupation of excited levels close to the ground state leads to a Van-Vleck-
like paramagnetic contribution to the susceptibility. Due to the small magnetic moment,
the contribution of the background to the measured signal in magnetization measurements
is large. In future growth experiments, an optimization towards a higher single crystal mass
will be performed to enable a further study of the magnetic properties of this compound.
Below TN = 65 K, electrical transport data show an anisotropy for current flow parallel to
the different main symmetry directions. The residual resistivity ratio RRR = ρ300K/ρ0 ∼ 25
shows that we suceeded in growing high-quality single crystals from a high-temperature In
flux. The single crystals enabled the investigation of their bulk and surface properties by
ARPES. It turned out that at T = 10 K the valence of the Sm ions is smaller than three
at the surface as well as in the bulk [114]. This hints to a possible Kondo screening of the
Sm3+ ions which could not be confirmed so far by our investigation of the bulk properties of
this compound.

5.6 GdRh2Si2

Studies of Gd-compounds are of special interest since the 4f shell of Gd is half filled and
therefore its ground state with S = 7/2 and L = 0 is insensitive to crystal-electric-field (CEF)
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effects. In the past, polycrystalline GdRh2Si2 was subject to several investigations. Magneti-
zation and Mössbauer studies were performed by Felner and Nowik [247, 248] examining the
series RRh2Si2 and by Czjzek et al. [256] with focus on the properties of the transition metal
T in the compounds GdT2Si2. From Mössbauer spectra of 155Gd in GdRh2Si2 it was deduced
that the rare earth local moments order antiferromagnetically with the ordering in the basal
plane perpendicular to the fourfold symmetry axis of the tetragonal lattice [247, 248]. It is
known from neutron diffraction experiments, that the antiferromagnetic (AFM) properties in
the series LnRh2Si2 arise due to a stacking of ferromagnetic layers [232]. Pressure studies by
Szytu la et al. [257] revealed that the Néel temperature of GdRh2Si2 decreases with increas-
ing applied pressure. An ESR study was performed by Kwapulinska et al. [258] and they
found that the g-factor is temperature independent from TN to 300 K with g = 1.995±0.010.
Recently, the magnetic properties of GdRh2Si2 were investigated by hyperfine interactions
and magnetization measurements [259]. All measurements up to now were carried out on
polycrystalline material since single crystals were not available.

Summary and outlook

In this work, we report on the successful single crystal growth and the characterization of
GdRh2Si2. We presented a detailed study of the bulk properties, namely heat capacity,
magnetization and electrical transport of GdRh2Si2 single crystals in [223, 225] to provide a
firm basis for the interpretation of the spectroscopic measurements [115]. PXRD measure-
ments on crushed single crystals confirmed the I4/mmm tetragonal structure with lattice
parameters a = 4.042(2) Å and c = 9.986(4) Å, which is in agreement with the data pub-
lished for polycrystalline samples [247, 257, 259]. The specific heat of GdRh2Si2, shown
in Fig. 5.6 (left panel), exhibits a sharp λ-type anomaly at T = 107 K, establishing a sec-
ond order phase transition into the AFM ordered phase. The data can be described by
C/T = γ0 + βT 2 with the Sommerfeld coefficient γ0 ≈ 3mJ/(molK2) for T < 7 K and the
slope β = (0.58± 0.03) mJ/molK4 of the linear fit. An accurate value for the Debye temper-
ature cannot be determined since the magnon and phonon contributions to the specific heat,
which both exhibit a T 3 temperature dependence, cannot be separated. Electrical transport
data, Fig. 5.6 (right panel), show a large anisotropy for current flow parallel and perpendic-
ular to the [001]-direction below TN . The residual resistivity ratio RRR = ρ300K/ρ0 ∼ 23
shows that we succeeded in growing high-quality crystals from a high-temperature indium
flux. Magnetic measurements on the single crystals, Fig. 5.7 and Fig. 5.8 (left panel), show
the ordering of the Gd3+ moments at TN = 107 K and a spin-flop transition at Bsf ≈ 1 T
with an external field applied along the [100]-direction. The effective magnetic moment
µeff = (8.28±0.10)µB agrees well with values from literature, and is larger than the theoret-
ically predicted value of µtheo

eff = 7.94µB. The determined Weiss temperature, ΘW = (8±5) K,
is much smaller than TN , indicating a pronounced competition between antiferromagnetic
and ferromagnetic interactions.

GdRh2Si2 single crystals have been investigated in more detail by VSM, x-ray magnetic
circular dichroism (XMCD) and RIXS [225]. Our low temperature investigation yielded
that this compound represents an exemplary case for a simple antiferromagnetic order with
in-plane ordered moments and weak in-plane anisotropy. Applying the field parallel to the
tetragonal plane, M/B is isotropic in the limit B = 0. When increasing the field, strong
anisotropic effects arise (Fig. 5.8, right panel). For field parallel to the [100]-direction,

110



LnT2Si2 5.4 GdRh2Si2

0 50 100 150 200 250 300
0

20

40

60

80

100

120

140

0 50 100 150 200 250 300
0

10

20

30

40

50

60

70

(c)

(b)

LuRh2Si2

GdRh2Si2 

GdRh2Si2

C 
[J

/m
ol

K
]

Temperature [K]

j 001
15 R

(a)

Re
sis

tiv
ity

 [
µ

cm
]

Temperature [K]

TN
10 20 30 40 500

10
20
30
40 GdRh2Si2

C/
T 

[m
J/m

ol
K

2 ]

T2 [K2]

0 50 100 150 200 250 300

0

5

10

15

GdRh2Si2

Rln8

Rln4

Rln6

T [K]
S4f

[J
/m

ol
K

]

Rln2

0 50 100 150 200 250 300

0.0

0.2

0.4

0.6

0.8

1.0

TN

GdRh2Si2

T [K]

j 001

/
30

0 
K

Figure 5.6: Left: GdRh2Si2, temperature dependence of the heat capacity. Right: GdRh2Si2,
temperature dependence of the electrical resistivity.
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we observed a spin-flop transition which is the rotation of local spin directions [260]. In
contrast, we explain the sudden increase of the susceptibility in [110]-direction at low fields
by domain effects. Since the low field regime yields a magnetic behaviour of a unique
simplicity, we set up a magnetic mean field model combined with an Ising chain model (for
details see [225]). With the assumption that the magnetic moments are aligned parallel to
the [110]-direction, the experimental data were perfectly reproduced. We therefore conclude
that the magnetic moments are aligned along the [110]-direction in the tetragonal lattice
at low temperatures. Additional magnetic scattering experiments confirm the arrangement
of the magnetic moments in staggered ferromagnetic layers along the [001]-direction. The
magnetization of these layers have opposite directions forming the antiferromagnetic bulk
with the magnetic propagation vector ~k = (0, 0, 1). Furthermore an XMCD study rules
out a Rh contribution to the magnetization, proposed in Ref. [248]. The ESR of the single
crystals has been investigated in the paramagnetic state [226]. Furthermore, it turned out
that an ESR signal can also be detected in the magnetically ordered regime which enabled
the investigation of the weak in-plane anisotropy in this system by magnetic resonance [227].
A detailed ARPES study of the single crystals revealed the presence of two-dimensional
electron states at the Si-terminated surface of GdRh2Si2 [115]. The surface states exhibit
itinerant magnetism and their spin splitting arises from a strong exchange interaction with
the ordered Gd 4f moments.

5.7 HoRh2Si2

The antiferromagnetic compound HoRh2Si2 has been investigated in the past by neutron
diffraction [232, 235, 261] and different magnetically ordered phases have been identified
upon cooling. In total, three magnetic transitions one at TN = 29 K, and two others at
TN1 = 27 K and TN2 = 11 K occur when lowering the temperature. Between 29 K and
27 K an incommensurate structure (Phase I) occurs. Between 27 K and 11 K the magnetic
moments are ordered along the c direction (Phase II) and diffuse scattering, indicating a
paramagnetic ab-component, appears. Below 11 K (Phase III), a simple AFM structure

with propagation vector ~k = (0, 0, 1) is observed where the magnetic moments tilt away
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from the c-axis upon cooling. The tilt angle reaches 32.5◦ at 1.5 K [261]. Specific heat and
magnetization measurements confirmed the magnetic order at TN2 = 11 K and TN1 = 27 K
[262]. The crystal-field parameters of the material were determined by Takano et al. [263].
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Figure 5.9: Left: (a) HoRh2Si2, temperature dependence of the heat capacity (black sym-
bols). The magnetic part of the heat capacity C4f (red symbols) was obtained by subtracting
the heat capacity of the non-magnetic reference compound LuRh2Si2 (data taken from J.
Ferstl [252]) which is shown for comparison (grey symbols). (b) Determination of the Som-
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Heat capacity, electrical transport and magnetization, T ≥ 1.8 K

PXRD measurements on crushed single crystals confirmed the I4/mmm tetragonal structure
with lattice parameters a = 4.018(6) Å and c = 9.908(1) Å, which is in agreement with the
data published for polycrystalline samples [248]. Specific heat measurements on the single
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crystals grown from indium flux, Fig. 5.9, (a), perfectly reproduced the data obtained from
Czochralski grown single crystals which were published by Shigeoka et al. [235]. The first
transition TN = 29.1 K and the third transition at TN2 = 11.8 K that occur upon cooling
are second order phase transitions while the transitions at TN1 = 27 K is a first order phase
transition. The Sommerfeld coefficient γ0 ≈ 39 mJ/(molK2) obtained from a linear fit of
C/T versus T 2 below T = 7 K, Fig. 5.9 (b), is slightly enhanced. The magnetic part of the
entropy Fig. 5.9 (c) reaches S4f ≈ R ln10 at TN which is much smaller than the expected
R ln(2J + 1) = R ln17 for the Ho3+ ion indicating that the overall splitting of the CEF levels
is larger than TN. The entropy saturates at about R ln12 which is far below R ln17. This
discrepancy is probably caused by the large uncertainty in the measured heat capacity data
for T > 50 K as demonstrated above for YbNi4P2 in Fig. 2.17. Our electrical transport
measurements, Fig. 5.10, show an anisotropy between the two current directions j ‖ c and
j ⊥ c. For j ⊥ c, the resistivity shows two anomalies at TN = 29.1 K and TN2 = 11.8 K
and decreases monotonically upon cooling. For j ‖ c, the resistivity increases at TN which
indicates a larger magnetic unit cell compared to the structural unit cell along the [001]-
direction when entering the ordered phase. An additional anomaly at TN1 = 27 K occurs for
j ‖ c. At this temperature, the ordering of the magnetic moments along the [001]-direction
was observed by Shigeoka et al.. This anomaly at TN1 = 27 K is absent for j ⊥ c. The
residual resistivity ratio determined for both current directions is also highly anisotropic:
RRj⊥c

1.8 K = ρ300 K/ρ1.8 K ∼ 14.5 and RR
j‖c
1.8 K = ρ300K/ρ1.8 K ∼ 8.3. The magnetization of the

system had already been investigated by Shigeoka et al. [235]. We were able to reproduce
the temperature dependent susceptibility data, the respective measurements are shown in
Fig. 5.11, left frame, but got different results for the field dependence of the magnetization
for B ‖ 100 and B ‖ 110, Fig. 5.11, right frame. Connected to the CEF effects in this
compound, the magnetization shows an anisotropic step-like behaviour. In the investigated
field range, the magnetization does not reach the saturation value of Msat = gJJ µB = 10µB
per Ho3+ ion with S = 2, L = 6, J = L + S = 8 and gJ = 5/4. The magnetization upon
increasing field, B ‖ 001 (red, closed symbols) shows two steps at B ≈ 2 T and 5 T which is
consistent with the previously reported data (red, open symbols). For field B ‖ 100 we found
only one step in the magnetization at B ≈ 2.7 T (black, closed symbols) with M(7 T) ≈ 6µB
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per Ho3+ ion while two-step behaviour with M(7 T) ≈ 8µB per Ho3+ ion was reported by
Shigeoka et al. (black, open symbols). For B ‖ 110 (blue, closed symbols), we found one-step
behaviour as reported by Shigeoka et al. (blue, open symbols) but with M(7 T) ≈ 4.9µB

per Ho3+ ion instead of M(7 T) ≈ 6.8µB per Ho3+ ion.

ESR

A HoRh2Si2 single crystal has been investigated by ESR from 20 to 300 K with H ‖ c and
H ⊥ c by J. Sichelschmidt (MPI CPfS). No ESR resonance was observable in the X-band
(9.4 GHz). The reason for the absence of the ESR line might be that the relaxation process
in HoRh2Si2 is fast due to the large orbital angular momentum of Ho in this compound and
an ESR line might be observable at much higher fields [264].

ARPES

Our ARPES study [116] of HoRh2Si2 gave the following result: It is known from bulk
magnetization measurements that the 4f moments exhibit a kind of magnetic frustration
since their projections parallel and perpendicular to the a−a surface plane order at different
temperatures. The surface state is affected by the electromagnetic exchange interaction as
well as by the spin-orbit coupling (Rashba effect). The study revealed that the temperature
dependent changes in the moment orientation in the bulk reflect in the surface properties.
Thus the temperature can be used as a tuning parameter for the surface magnetism. In
particular it is of interest how the inclination of the 4f moments and the resulting tilt of
effective magnetic fields at the surface act on the two-dimensional surface electrons, which
might have important implications for possible applications in spintronic devices. When
the temperature is tuned across the respective transitions, the spins of the two-dimensional
surface electrons may be either locked within the surface by means of Rashba spin-orbit
interactions or they might reorientate along the direction of the ordered 4f moments leading
to an orientation perpendicular or inclined at a certain angle with respect to the c-axis.

Summary and outlook

In this work, we have grown HoRh2Si2 single crystals from indium flux using a Bridgman-type
method. While the heat capacity measured on Czochralski grown single crystals reported
by Shigeoka et al. [235] was reproduced perfectly by our data, differences have been found
in the field dependence of the magnetization reflecting the properties of the CEF. Our
electrical transport measurements shows that the first order as well as the two second order
phase transitions are visible in the electrical resistivity. ARPES experiments were performed
on the magnetically active, silicon-terminated surface of HoRh2Si2 single crystals [116]. It
was found that the spin-dependent properties of the electrons can be manipulated by using
the temperature as the tuning parameter. The temperature-dependent competition between
spin-orbit and magnetic exchange interaction was studied and yielded that upon changing
the temperature, the inclination of the 4f moments changes and the resulting tilt of the
effective magnetic fields at the surface act on the two-dimensional electrons.
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a c space group sample ref.
[Å] [Å]

4.0561 9.9560 I4/mmm PC [266]
4.063 9.952 I4/mmm PC [167]
4.058 9.963 I4/mmm PC [267]
4.052 9.943 I4/mmm PC [268]

4.057(0) 9.971(3) I4/mmm PC this work
4.0600(12) 9.930(4) I4/mmm SC this work

4.111 9.733 I4/mm PC [268]

4.111 9.733 P4/nmm PC [268]

Table 5.9: GdIr2Si2: Lattice parameters determined by PXRD from polycrystalline samples
(PC) or by single crystal analysis (SC).

atom Wyckoff
position

x y z U(eq) [Å2]

Gd 2a 0 0 0 0.032
Ir 4d 0 0.5 0.25 0.0314
Si 4e 0 0 0.3761 0.033

Table 5.10: Atomic coordinates and equivalent isotropic displacement parameters for
GdIr2Si2 (I4/mmm) determined by single crystal analysis at T = 173 K. U(eq) is defined
as one third of the trace of the orthogonalized U ij tensor.

5.8 GdIr2Si2

In the past, polycrystalline GdIr2Si2 has been synthesized, see Tab. 5.9, and two polymor-
phous phases were found with this stoichiometry namely a LTP (I4/mmm) and a HTP
(P4/nmm). A first characterization of the magnetic properties of the LTP was reported by
Czjzek et al. [256] and Tung et al. [265]. No characterization of the anisotropic properties
of this compound was reported so far.

Heat capacity, magnetization and electrical transport, T ≥ 1.8 K

The specific heat of GdIr2Si2, shown in Fig. 5.13 (left panel, (a)), exhibits a λ-type anomaly at
T = 86 K, establishing a second order phase transition into the AFM ordered phase. The data
can be described by C/T = γ0+βT 2 with the Sommerfeld coefficient γ0 ≈ 27 mJ/(molK2) for
T < 5 K, (left panel, inset (b)) and a slope β = 0.0016 J/(molK4) of the linear fit. A reliable
value of the Debye temperature cannot be determined here since the phonon and a possible
magnon contribution exhibit the same T 3 temperature dependence and cannot be separated.
The magnetic part of the entropy S4f reaches ≈ 80% of the expected value R ln8 at the Néel
temperature (left panel, inset (c)) indicating that the overall splitting of the CEF levels is
larger than TN. In Fig. 5.14, a broad hump is visible at T/TN = 0.25 in C4f of GdRh2Si2 and
GdIr2Si2. This behaviour is observed also for other Gd-compounds, like e.g. GdCu2Si2 [269–
272]. Electrical transport data, Fig. 5.13 (right panel), show an anisotropy for current flow
parallel and perpendicular to the [001] direction. The measurement with current parallel to
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feld coefficient γ0, (c) Magnetic contribution to the entropy; Right: GdIr2Si2, temperature
dependence of the electrical resistivity.

the [001] direction was difficult to realize due to the small sample size with d < 400µm. For
both current directions the resistivity decreases below the Néel temperature TN = 86 K which
deviates from the behaviour observed for j ‖ c in GdRh2Si2 (compare Fig. 5.6, right panel).
In contrast in GdRh2Si2, an increase of the resistivity below TN appears and was attributed
to the enlargement of the (magnetic) unit cell when entering the ordered phase. This is
obviously not the case for GdIr2Si2. The residual resistivity ratio is RRR = ρ300K/ρ0 ∼ 30
for j ⊥ c and RRR = ρ300K/ρ0 ∼ 18 for j ‖ c, which is slightly higher than that of the
respective Rh compound.

The temperature dependent magnetization, Fig. 5.15, inset of the left panel, shows a
strong anisotropy for B ‖ 001 and B ⊥ 001 with B = 0.01 T and hints to a moment
orientation in the basal plane of the tetragonal lattice. The ordering of the Gd3+ moments
at TN = 87 K is indicated for all field directions by a kink in the susceptibility curve. The
field dependence of the magnetization at 3.5 K is shown in Fig. 5.16, left panel, and the
same data are depicted as ~M · ~B/B2 in the right panel. In contrast to GdRh2Si2 where
the moments are aligned along one of the in-plane main symmetry directions, this is not
the case in GdIr2Si2 at 3.5 K. The susceptibility ~M · ~B/B2 is constant for B ‖ 001 which
is consistent with moments ordered in the a − a plane. A constant susceptibility is also
reached at B ≈ 2 T for B ‖ 110 and at B ≈ 2.5 T for B ‖ 100. At lower fields, the
susceptibility changes strongly with field for both in-plane directions. These observations
and the comparison with GdRh2Si2 hint to a moment orientation between the [100] and the
[110] direction in the a− a plane at T = 3.5 K. From the slope of the inverse susceptibility
χ−1(T ) from 200to 400 K, the effective magnetic moments and the Weiss temperatures were
determined according to Eqns. 1.22. The obtained values of the effective magnetic moments
for the different field directions are summarized in Tab. 5.11 and are close to the effective
magnetic moment, µtheo

eff = 7.94µB, of a free Gd3+ ion. The determined Weiss temperatures,
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Figure 5.14: The magnetic part of the specific heat capacity C4f of GdIr2Si2 and GdRh2Si2
was obtained by subtraction of the heat capacity of the non-magnetic references LuRh2Si2
[252] and LuIr2Si2 [172] from the measured data. A broad hump is visible at T/TN = 0.25
in both Gd compounds.

take values close to ΘW = 0 and thus are much smaller than TN . This behaviour is, similar
to that observed in GdRh2Si2.

Summary and outlook

In this work, single crystals of GdIr2Si2 have been grown by a modified Bridgman method
from indium flux. After an optimization of the temperature-time profile of the growth ex-
periment, we obtained millimetre-sized single crystals with a platelet habitus with the c-axis
perpendicular to the platelet in the I4/mmm tetragonal structure which is the LTP. Our
PXRD measurements on crushed single crystals confirmed this I4/mmm tetragonal structure
with lattice parameters which are in agreement with the data published for polycrystalline
samples as summarized in Tab. 5.9. We excluded the presence of crystals in the high tem-
perature phase (P4/nmm) by PXRD as demonstrated in Fig. 5.12 (a). We determined the
Si z-position in the crystal structure by single-crystal structure analysis, Tab. 5.10. In the
past, it turned out that this value is often close, but not exactly 0.375 and this deviation
has a huge impact on the calculated band structure [273]. While a Néel temperature of
TN = 81 K [256] and TN = 82.4 K [265] determined from powder samples was reported, our
heat capacity measurements on single crystals revealed TN = 86 K and a Sommerfeld coeffi-
cient of γ0 ≈ 27mJ/(molK2). At the Néel temperature, a second order phase transition into
the AFM ordered phase occurs. Electrical transport measurements yielded a residual resis-
tivity ratio of RRR = ρ300K/ρ0 ∼ 30 for j ⊥ c and of RRR = ρ300K/ρ0 ∼ 18 for j ‖ c. The
temperature and field dependence of the magnetization hints to a moment orientation in the
basal plane of the tetragonal lattice, Fig. 5.15 and Fig. 5.16. The effective magnetic moments
for the different field directions µ001

eff = 8.26µB and µ100
eff = 8.11µB are close to the effective

magnetic moment, µtheo
eff = 7.94µB, of a free Gd3+ ion. The Weiss temperatures, take values

close to ΘW = (0± 5) K and thus are much smaller than TN . The investigation of the ESR
of GdIr2Si2 was started by J.Sichelschmidt (MPI CPfS). A resonance is detectable in this
material in the paramagnetic regime but not in the ordered phase [264]. First experiments
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sample µeff ΘW TN method ref.

[µB] [K] [K]

poly 8.05 −12± 3 81 magnetization [256]

poly 7.94 −6.4 82.4 dc susceptibility [265]

SC,
B ‖ 100

8.11 0± 5 87 magnetization this work

SC,
B ‖ 110

8.15 −3± 1 87 magnetization this work

SC,
B ‖ 001

8.26 5± 5 87 magnetization this work

SC − − 86 ac transport this work

SC − − 86 heat capacity this work

Table 5.11: GdIr2Si2: Comparison of the reported physical properties with those found in
this work. The effective magnetic moments µeff and Weiss temperatures ΘW were determined
from the slope of the inverse magnetic susceptibility for B = 1 T. The Néel temperature was
determined from different physical quantities.

a c space group sample ref.
[Å] [Å]

4.042 9.707 I4/mmm PC [268]
4.0371 9.8769 I4/mmm PC this work

4.0476(6) 9.884(2) I4/mmm SC this work

4.085 9.572 P4/nmmZ PC [268]

Table 5.12: HoIr2Si2: Lattice parameters

showed, that the obtained crystal quality was not sufficient for ARPES studies since it was
not possible to resolve the band-splitting in the ordered phase. In the past, it was already
observed, for instance, in the case of YbRh2Si2 and YbIr2Si2 that the crystallinity of the Rh
compound was better than that of the Ir compound. This fact might be due to the existence
of polymorphism in the Ir compounds. In future growth experiments, the temperature-time
profile for the growth of GdIr2Si2 has to be optimized further to avoid the formation of the
HTP completely.

5.9 HoIr2Si2

In the case of HoIr2Si2, besides the existence of polymorphism in the space groups I4/mmm
(LTP) and P4/nmm (HTP) [268], no characterization of its physical properties was reported
in the past. We therefore characterized the LTP of this material from the ground up.

Heat capacity, electrical transport and magnetization, T≥ 1.8 K

The specific heat of HoIr2Si2, shown in Fig. 5.17 (a), exhibits an anomaly at TN = 22 K,
establishing a second order phase transition into the AFM ordered phase. The data can
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5.7 HoIr2Si2 LnT2Si2

atom Wyckoff
position

x y z U(eq) [Å2]

Ho 2a 0 0 0 0.0283
Ir 4d 0 0.5 0.25 0.0275667
Si 4e 0 0 0.3777 0.0286667

Table 5.13: Atomic coordinates and equivalent isotropic displacement parameters for
HoIr2Si2 (I4/mmm) determined by single crystal analysis at T = 173 K. U(eq) is defined as
one third of the trace of the orthogonalized U ij tensor.

be described by C/T = γ0 + βT 2 with a slightly enhanced Sommerfeld coefficient γ0 ≈
37 mJ/(molK2) for T < 5 K, (left panel, inset (b)). The magnetic part of the entropy, S4f ,
Fig. 5.17 (c) reaches R ln4 at TN which is much smaller than the expected R ln(2J + 1) =
R ln17 for the Ho3+ ion indicating that the overall splitting of the CEF levels is much
larger than TN. The entropy saturates at about R ln12 which is far below R ln17. The
increase from R ln4 to R ln12 above the Néel temperature to about 100 K can be attributed
to CEF effects. This discrepancy is probably caused by the large uncertainty in the measured
heat capacity data for T > 50 K as demonstrated above in Fig. 2.17 for YbNi4P2. The
same behaviour was already observed for HoRh2Si2. Electrical transport data, Fig. 5.17
(right panel), show a kink at TN ≈ 21 K and an anisotropy for current flow parallel and
perpendicular to the [001]-direction. The residual resistivity ratio RRR = ρ300K/ρ0 ∼ 29
for j ⊥ c (RRR = ρ300K/ρ0 ∼ 12 for j ‖ c) is slightly higher than that of the respective
Rh compound. In the cases of GdRh2Si2 and HoRh2Si2, an increase of the resistivity for
j ‖ c is observed upon cooling when entering the AFM phase which hints to the sudden
enlargement of the (magnetic) unit cell volume at the Néel temperature, Figs. 5.6 and 5.10.
For HoIr2Si2, a drop of the resistivity upon cooling below the Néel temperature is observed
for both current directions and no signs for an enlargement of the (magnetic) unit cell occur.
The field dependent magnetization, Fig. 5.18, right panel, shows a strong anisotropy for
B ‖ 001 and B ⊥ 001. While for both in-plane directions, the magnetization increases
linearly, the susceptibility is nearly zero for B ‖ 001 in low fields. This field dependence
hints to the ordering of the magnetic moments along the c direction. For higher fields, the
influence of the CEF becomes visible and a step-like magnetization occurs which is similar to
the behaviour of HoRh2Si2 in field. Temperature dependent magnetic measurements on the
single crystals, Fig. 5.18, left panel, show the ordering of the Ho3+ moments at TN = 22 K.
The data can be well understood with the assumption of the moments ordered along the
c direction. Upon increasing the temperature up to the Néel temperature, the moments
fluctuate between the up and the down state which leads to an increase of the susceptibility.
The effective magnetic moments and Weiss temperatures, determined from the experimental
data from 200 to 400 K according to Eqns. 1.22, are summarized in Tab. 5.14. The effective
magnetic moments agree well with the predicted value of µtheo

eff = 10.6µB for the free Ho3+.
The determined Weiss temperature for the different crystallographic directions, is isotropic
for field in the a − a plane. A strong anisotropy occurs for field parallel and perpendicular
to the c-direction. While ΘW hints to the presence of FM fluctuation for field along the
[001] direction, AFM fluctuations are present for field perpendicular to this direction. The
magnetization and susceptibility data, Fig. 5.18, strongly suggest that the magnetic moments
order along the c direction. The in-plane susceptibility does not provide evidence for the
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LnT2Si2 5.7 HoIr2Si2

µeff [µB] θW[K]

B ‖ 100 10.53 -26.1

B ‖ 110 10.52 -26.3

B ‖ 001 10.64 25.9

Table 5.14: HoIr2Si2: Effective magnetic moments µeff and Weiss temperatures θW deter-
mined from the slope of the inverse magnetic susceptibility for B = 1 T for different crystal-
lographic directions.
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Figure 5.17: HoIr2Si2 Left: (a) Temperature dependence of the specific heat capacity.
LuIr2Si2 data from [172], (b) Determination of the Debye temperature ΘD and the Sommer-
feld coefficient γ0, (c) Magnetic contribution to the entropy; Right: HoIr2Si2, temperature
dependence of the electrical resistivity. A kink in the curves for both current directions
occurs at the Néel temperature TN = 20 K.

onset of the order of an in-plane component at a transition at lower T like it is observed
in HoRh2Si2. Such an additional transition is connected to higher order CEF terms which
probably are different for Rh and Ir compounds. Weaker higher order terms would also be
in accordance with the more Ising type behaviour of the Ir compound [274].

ESR

Neither in the paramagnetic nor in the ordered phase an ESR resonance was detectable [264]
between 300 K and 4 K for X-band frequency.

Summary and outlook

In this work, single crystals of HoIr2Si2 have been grown by a modified Bridgman method
from indium flux. After an optimization of the temperature-time profile of the growth ex-
periment, we obtained millimetre-sized single crystals. They had a platelet habitus, with the
c-axis perpendicular to this platelet and formed in the I4/mmm tetragonal structure, which
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Figure 5.18: HoIr2Si2: Left: Temperature dependence of the susceptibility at B = 0.1 T,
Right: Magnetization M versus the applied external field B at T = 2 K up to 9 T.

is the LTP. Our PXRD measurements on crushed single crystals confirmed this I4/mmm
tetragonal structure with lattice parameters which are in agreement with the data pub-
lished for polycrystalline samples as summarized in Tab. 5.12. The PXRD pattern did not
show any additional reflections belonging to the P4/nmm structure. We additionally per-
formed a single crystal structure analysis to exactly determine the Si z-position in HoIr2Si2,
Tab. 5.13 to give reliable input for the band structure calculations. We present a detailed
study of the bulk properties, namely heat capacity, magnetization and electrical transport
of HoIr2Si2 single crystals. Our heat capacity measurements confirm the occurence of a
second order phase transition at the Néel temperature TN = 22 K. The Sommerfeld coef-
ficient γ0 ≈ 37mJ/(molK2) determined from the specific heat data is enhanced. The tem-
perature and field dependence of the magnetization hints to the ordering of the magnetic
moments along the c direction. In the inverse magnetic susceptibility a strong anisotropy
with Θ001

W = 26 K and Θ100
W = −26 K occurs for field parallel and perpendicular to the

c-direction. The effective magnetic moment µ001
eff = 10.64µB and µ100

eff = 10.53µB is close
to the expected value for a free Ho3+ ion (µtheoeff = 10.6µB). The residual resistivity ratio
RRR = ρ300K/ρ0 ∼ 29 for j ⊥ c and RRR = ρ300K/ρ0 ∼ 12 for j ‖ c is anisotropic and
slightly higher than that of the respective Rh compound.
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Summary

Today, superconductivity, magnetism and quantum criticality are main research fields in
solid-state physics. Quantum criticality and quantum phase transitions can be investigated
in systems for which a control parameter exists that can be used to suppress for instance a
magnetic order until the phase transition occurs at zero temperature. This point is called a
quantum critical point (QCP). Preferably, quantum critical behaviour is studied on single
crystals. In comparison with polycrystalline material, single crystals can be grown with a
high purity such that the measured physical properties stem from the material of interest and
are not superposed by impurity effects. Additionally, anisotropic behaviour can be studied.
The focus in this thesis was on the single crystal growth and characterization of materi-
als which can be tuned to a QCP by a non-thermal control parameter. The investigated
compounds are the series YbNi4(P1−xAsx)2 exhibiting a ferromagnetic QCP at x ≈ 0.1, the
compound YbRh2Si2 exhibiting a field induced QCP for Bcrit ≈ 60 mT (B ⊥ c) and the
series Ce(Ru1−xFex)PO with a QCP at x ≈ 0.86. At first, the crystal growth procedure
was developed for all compounds; afterwards, the single crystals have been grown and were
characterized. Elements of highest possible purity served as the starting point in all crys-
tal growth experiments. On the one hand, the single crystal growth was performed by the
Bridgman method and on the other hand by the Czochralski method. While nowadays the
Czochralski method is used for the industrial production of silicon single crystals, it is seldom
used for the growth of single crystals for fundamental research in solid state physics. This
might be mainly caused by the fact that the adaption of this method to a specific material
is comparably elaborate. Besides the structural and chemical characterization of the sin-
gle crystals, by powder x-ray diffraction (PXRD), Laue method and energy-dispersive x-ray
spectroscopy (EDX), the physical properties as specific heat capacity, electrical resistivity
and magnetization have been investigated between 1.8− 300 K. In addition, the single crys-
tals have been further investigated within different collaborations down to low temperatures
(20 mK) and in the case of YbRh2Si2 down to sub-millikelvin temperatures. Furthermore,
single crystals of antiferromagnetic compounds LnT2Si2 (Ln = Sm, Gd, Ho; T = Rh, Ir)
have been grown in the scope of this thesis. These compounds have comparably high Néel
temperatures and therefore are not suitable for studies of quantum criticality. Instead, the
focus on these compounds was the investigation of electronic surface states by angle resolved
photoemission spectroscopy (ARPES).

The tetragonal YbNi4P2 single crystals have been grown with two different methods
[133]. The Bridgman method yielded single crystals with a mass of 10 mg at maximum.
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The single crystals which were obtained by the Czochralski method grew up to a mass of
1800 mg. Several obstacles were passed when the process for the growth of large YbNi4P2

single crystals was developed. The compound contains elements of high vapour pressure
at high temperature, namely ytterbium and phosphorous, and the high melting element
nickel. Initially, the high reactivity of the melt with the tendency to attack the crucible
material impeded the prereaction. The following conditions were found to be suitable: (i)
the crucible setup consisting of a boron nitride inner and a niobium outer crucible, (ii) a Yb-
P-Ni stacking of the elements in the crucible, and (iii) a maximum temperature of 900◦C.
Furthermore, a homogenization and cleaning of the obtained precursor is necessary. The
application of an argon pressure of 20 bar in the growth chamber was key to slow down the
evaporation of P and Yb and to achieve stable growth conditions. A seed holder with an
appropriate heat diffusion rate was designed and a well oriented crystal was used for the
single crystal growth by the Czochralski method from a levitating melt utilizing a Ni-rich
flux.We have demonstrated that the high-temperature metal-flux technique can be used to
grow large single crystals of materials with volatile elements. Furthermore, the Czochralski
method was applied to grow single crystals in the substitution series YbNi4(P1−xAsx)2 for
x = 0.1, 0.12, 0.15, 0.2, 0.4, 0.6, 0.8 and 1.0. By analyzing the chemical composition of the
samples using EDX we found that the arsenic distribution in the samples is homogeneous
[48]. The characterization of their structure by PXRD showed that the increase of the ar-
senic content in the substitution series caused the unit cell to enlarge as expected. The
crystallinity of the samples was investigated by Laue-Method using two different radiations,
namely x-rays and neutrons. While x-rays penetrate only several micrometers into the sam-
ple, the neutron-penetration depth is several centimeter. Therefore, x-ray Laue is sensitive
to the surface and neutron Laue probes the bulk. During single crystal growth, the formation
of small angle grain boundaries might occur. By combining both techniques, single crystals
where the misalignment in the lattice is below the detection limits of about 0.5 degree were
identified. These single crystals were cut and prepared to further characterize their physical
properties down to lowest temperatures. Our single crystals of pure and arsenic substituted
YbNi4P2 have been further characterized by electrical transport, heat capacity and mag-
netization measurements. Electrical transport measurements down to lowest temperatures
(20 mK) were performed in collaboration with M. Brando and coworkers and S. Friedemann
and coworkers and showed a sharp transition into the ferromagnetic state at TC = 150 mK.
Additionally, the resistivity ratio, the best indicator for the high sample purity, was im-
proved from previous RRR = 16 to RRR = 60 for j ‖ c. The resistivity as well as the
magnetization exhibit a strong anisotropy parallel and perpendicular to the crystallographic
c-direction, which is consistent with previous results and supports the assumption of a one-
dimensional electronic structure. Due to the high sample purity, the anomalies observed in
transport measurements appear much more pronounced in comparison to measurements on
previous samples. This enabled H. Pfau and coworkers to investigate the Lifshitz transitions
that occur in this compound [105]. In particular, their cummulated occurrence at low fields
is extraordinary. Upon these transitions, the topology of the Fermi surface changes, which
yields signatures in electrical transport and thermodynamic data. Through their analysis,
information on the topology of the Fermi surface can be obtained. Our large single crystals
facilitate ultrasound studies which are currently performed by Y.Tsui and coworkers in the
group of M. Lang in Frankfurt. The first analysis of the data yielded that the Lifshitz tran-
sitions in YbNi4P2 can also be detected by ultrasound.
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We studied the arsenic substituted samples in more detail to localize the region of occuring
non-Fermi liquid behaviour in the phase diagram. Electrical transport measurements on sin-
gle crystals of the YbNi4(P1−xAsx)2 series show that the pronounced anisotropy in the elec-
trical resistivity of YbNi4P2 turns into an almost isotropic behaviour in the case of YbNi4As2.
For arsenic concentrations up to x = 0.4, the Kondo scattering causes a pronounced drop in
the resistivity below T = 50 K. Additionally, crystal electric field effects occur at high tem-
peratures. Low temperature electrical transport measurements on single crystals near the
quantum critical arsenic content x ≈ 0.1 as well as pressure studies on a single crystal with
x = 0.12 have been started by S. Friedemann and coworkers to further investigate the physics
around the ferromagnetic QCP. The heat capacity was measured down to T = 350 mK in
collaboration with J. Banda at the MPI CPfS in Dresden: for low arsenic concentrations,
the specific heat capacity divided by temperature C/T increases heavily at low temperatures
indicating the presence of strong electronic correlations. Down to T = 350 mK, the heat ca-
pacity data shows critical behaviour on the non-magnetic side of the QCP up to x = 0.2
identical to that of YbNi4P2. For samples with x ≤ 0.2, this leads to strongly enhanced
Sommerfeld coefficients of γ0 > 1000 mJmol−1K−2. For high arsenic concentrations, C/T
becomes constant with enhanced Sommerfeld coefficients γ0 = 158 mJmol−1K−2 for x = 0.8
and γ0 = 96 mJmol−1K−2 for x = 1.0 showing Fermi-liquid behaviour below T ≈ 5 K. Mea-
surements of the magnetization showed that the effective magnetic moment decreases from
µceff = (4.82± 0.02)µB at the phosphorous side to µceff = (4.52± 0.02)µB at the arsenic side,
which hints a reduction of the Yb valence. The angular dependence of the susceptibility
χ(φ) of YbNi4P2 above 2 K in different external fields was studied in collaboration with M.
Baenitz (MPI CPfS Dresden). While the anisotropy upon rotation about the (001) axis was
below the detection limit, an anisotropy in χ(φ) was found when rotating about the (100)
axis.
Phase pure samples of LuNi4P2 have been synthesized and were characterized in the frame of
this work. These samples have been used as a non-magnetic reference compound in specific
heat capacity measurements.
In collaboration with different groups, several experiments have been started using our new
single crystals. Determining the magnetic specific heat of YbNi4P2 at high temperatures
made it possible to estimate the missing third crystal electric field (CEF) level E3. The
combination of the neutron and heat capacity data suggests a level scheme of E1 = 8.5 meV,
E2 = 12.5 meV and E3 ≈ 25 meV which was worked out in collaboration with Z. Hüsges
[153]. The determined CEF scheme was obtained by an elaborate fitting procedure and is
connected to large error bars. Therefore, a further refinement is appreciated. Additional
experimental input can be obtained by single crystal nuclear magnetic resonance (NMR). In
the tetragonal compound YbNi4P2, the environment of the Yb atoms is orthorhombic and
NMR is a method by which the local anisotropy of the Yb atoms in their orthorhombic envi-
ronment can be studied. NMR experiments on large single crystals have been started by H.
Yasuoka, H. Tou and coworkers. Good agreement was already found by comparing the cal-
culated magnetization according to the estimated CEF scheme with high-field magnetization
data in collaboration with T. Förster and M. Brando. In collaboration with Z. Hüsges, S.
Lucas and O. Stockert using samples with masses up to 1800 mg, antiferromagnetic (AFM)
fluctuations far above the Curie temperature could be detected by inelastic neutron scat-
tering, which is in good agreement with the non-occurrence of an electron spin resonance
(ESR) in earlier measurements (Tmin = 2.9 K, X-band (9.4 GHz)) by J. Sichelschmidt. In
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contrast to the expectation that the observation of an ESR resonance is possible in Kondo
lattice systems if ferromagnetic fluctuations are present, surprisingly no ESR resonance was
detectable in YbNi4P2.
First ARPES experiments on YbNi4P2 performed in collaboration with D.V. Vyalikh and
coworkers showed that mainly nickel states contribute to the density of states (DOS) near
the Fermi level. Further ARPES studies have been started to get more insight into its elec-
tronic structure.

With the new generation of single crystals, it now becomes possible to investigate the
physics of the ferromagnetic QCP in arsenic substituted YbNi4P2 in more detail. This will
provide experimental data which might enable us to improve the understanding of ferromag-
netic quantum criticality in Kondo-lattice systems.

The best studied material close to an AFM QCP YbRh2Si2, was grown from indium
flux by a modified Bridgman method. A large number of the tetragonal single crystals have
been grown, which vary in shape and size and are suitable for variable demands. These
platelet shaped single crystals with their area of several mm2, a thickness of up to 200µm
and a resistivity ratio RR1.8 K ≈ 33 are comparable in size and purity to single crystals grown
in previous work. Samples of highest purity for ultra-low-temperature investigations were
identified by combined magnetization and electrical transport measurements using a physical
property measurement system (PPMS). Severals experiments have been started by different
collaborations utilizing our new single crystals. In the course of this theses, J. Saunders and
coworkers succeeded in measuring the thermal noise on thin YbRh2Si2 single crystals and
thereby confirmed the superconducting transition at Tc ≈ 2 mK in YbRh2Si2. New possibili-
ties arose through M. Brando and coworkers by preparing a meander structure on thin single
crystal platelets using the focused ion beam technique (FIB). The micro-structured samples
have an increased current carrying length which increases their resistivity, leads to the reduc-
tion of heating effects and to an improved precision of the measurement. The as prepared
single crystals will facilitate resistivity measurements at sub-millikelvin temperatures. In
Kondo systems, a ”large” Fermi surface forms due to the hybridization of 4f and conduc-
tion electrons. In the course of this thesis, the ”small” Fermi surface formed exclusively by
conduction electrons was detected in a Compton-scattering experiment by D.V. Vyalikh and
coworkers at T = 300 K. This experiment was performed on large YbRh2Si2 single crystals
[175]. Due to its low-lying Néel temperature, its small ordered moment and the absence
of single crystals suitable for neutron scattering, the magnetic structure of YbRh2Si2 is not
known until now. Magnetization measurements at low temperatures have been started by
M. Brando and coworkers to obtain further information about the ordered phase. In the
course of this thesis, new experimental setups were developed by M. Scheffler and cowork-
ers. These allowed to investigate the material by microwave spectroscopy at millikelvin
temperatures and low fields that were unaccessible until now [176, 177]. During the past
years, the foundation was layed for the investigation of the dynamics of the Kondo state
by time-resolved THz studies by C. Wetli, M. Fiebig and H. Kroha. The first materials
that were studied were CeCu6−xAux which exhibits a quantum critical point at x ≈ 0.1
and YbRh2Si2. A terahertz pulse converts heavy fermions in the material into normal light
electrons. The heavy-fermion state recovers under emission of a delayed, phase-coherent
terahertz reflex. Towards the QCP, the quasiparticle weight collapses, while its formation
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temperature remains almost constant [211]. To validate the conception of the experiment
and the experimental method itself with a further heavy-fermion material, we contributed
to this project by providing large single crystals of YbRh2Si2.

The application of such new experimental approaches might not only shed light on the
still unanswered questions about the magnetic order or the mechanism leading to the heavy-
electron superconductivity in YbRh2Si2, but also address general questions about the dy-
namics of the Kondo state in quantum critical materials.

It is known that a QCP occurs in the series Ce(Ru1−xFex)PO for x ≈ 0.86, but its nature
was under debate at the beginning of this thesis. The result of our work was the successful
growth and characterization of single crystals in the substitution series Ce(Ru1−xFex)PO
with x = 0, 0.44, 0.77, 0.86 and 1.0 to provide high-quality samples for further studies of the
putative ferromagnetic QCP. Our magnetic characterization of the CeRuPO single crystals
shows that we were able to reproduce the data reported before for the pure Ru compound.
In the case of CeRuPO, reducing the unit cell volume is possible by substituting Ru by the
smaller Fe and the ordering temperature can be lowered by this substitution. Single crystals
with an area of ≈ 1 mm2 and a thickness of a few µm of the series Ce(Ru1−xFex)PO have
been grown from tin flux. We optimized the parameters for the single crystal growth and per-
formed a careful characterization of the obtained crystals in the substitution series by PXRD,
EDX and magnetization measurements down to T = 2 K. Magnetization measurements on
CeRuPO revealed ferromagnetic order below TC = 15 K. Samples with x = 0.44 show order
below T ≈ 8 K and hysteresis effects in M(H) which are strongly sample dependent. These
samples are located in the cross-over region from ferromagnetic to antiferromagnetic order.
Clear signatures of antiferromagnetic order below TN = 3 K have been found for samples
with x = 0.77, while samples with x = 0.86 show no magnetic order down to T = 2 K. In
combination with low-temperature measurements by A. Jesche and M. Brando, our magne-
tization data yield that the ferromagnetic order turns into antiferromagnetic order for higher
Fe concentrations in Ce(Ru1−xFex)PO. The data hint to the existence of an antiferromag-
netic QCP in this system at x = 0.85 [212] which is consistent with previous pressure studies
by Kotegawa et al. but is not in accordance with the proposal of a ferromagnetic QCP by
Kitagawa et al..

Furthermore, we have grown single crystals of antiferromagnetic materials with ThCr2Si2-
type structure containing different lanthanide ions where electronic surface states were pre-
dicted by band structure calculations to occur. ARPES experiments require high purity
single crystals. Only samples with a low amount of crystal defects yield a high resolution
in the measured data. Besides the purity, another criterion is the sample size. We therefore
performed crystal growth experiments aiming to optimize the growth parameters with re-
spect to the largest single crystal size and the highest possible purity. The platelet shaped
single crystals have an area of up to 12 mm2 and a thickness of 50 − 300µm. We have
successfully grown single crystals of SmRh2Si2, GdRh2Si2, GdIr2Si2, HoRh2Si2 and
HoIr2Si2 using a Bridgman-type growth method [223]. This growth procedure which was
originally developed for the growth of YbRh2Si2 from indium flux turned out to be quite
robust and could be adapted for the growth of the related compounds by small variation of
the growth parameters. Thermodynamic and anisotropic electrical transport and magnetic
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properties of these compounds, which were not known before, have been studied from the
ground up. Their purity was characterized by determining the residual resistivity ratio and
was larger than RR1.8 K = 25 for j ⊥ c. The investigation of the magnetic structure by
neutron scattering of compounds containing elements like Sm, Gd and Ho is hindered due to
their large absorption cross-section for neutrons. Nevertheless, the detailed study of the bulk
magnetization of GdRh2Si2 enabled us to determine its magnetic structure by combining res-
onant inelastic x-ray scattering (RIXS) and magnetization measurements and comparing the
latter with the data predicted by a mean-field model. We discovered that in GdRh2Si2, the
magnetic moments are aligned along the [110]-direction in the basal plane of the tetragonal
lattice. In the structure, ferromagnetic planes are stacked along the [001] direction which
yields the AFM order of this compound [225]. The ESR of the single crystals has been inves-
tigated in the paramagnetic state [226]. Furthermore, it turned out that an ESR signal can
also be detected in the magnetically ordered regime which enabled the investigation of the
weak in-plane anisotropy in this system by magnetic resonance [227]. The electronic states
arising at the surface of the single crystals were investigated by ARPES in collaboration
with D.V. Vyalikh and coworkers. A detailed ARPES study of the GdRh2Si2 single crystals
revealed the presence of two-dimensional electron states at the Si-terminated surface [115].
The surface states exhibit itinerant magnetism and their spin splitting arises from a strong
exchange interaction with the ordered Gd 4f moments. ARPES experiments were performed
on the magnetically active, silicon-terminated surface of HoRh2Si2 single crystals [116]. It
was adjudged that the spin-dependent properties of the electrons can be manipulated by
using the temperature as the tuning parameter. The temperature-dependent competition
between spin-orbit and magnetic exchange interaction was studied and yielded that upon
changing the temperature, the inclination of the 4f moments changes and the resulting tilt
of the effective magnetic fields at the surface act on the two-dimensional electrons. Our
ARPES studies revealed that for Sm ions in SmRh2Si2, the electronic properties of bulk and
surface are rather similar and the Sm ions behave in both cases slightly mixed valent. Their
mean valence was estimated to be about 2.94 at T = 10 K [114]. Such a reduction of the
valence of the Sm ion might be caused by a Kondo screening, but our characterization of
the bulk properties of this compound did not show any signatures of the Kondo effect in
SmRh2Si2.

In the course of this thesis, many single crystals with highest purity of various materials
have been grown and were characterized. These will contribute to improve the understanding
of the physics in the field of strongly correlated electron systems.
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[16] P. Coleman, C. Pépin, Q. Si, and R. Ramazashvili. J.Phys.Condens.Matter, 13:R723,

2001.
[17] K. Q. Si, S. Rabello, and J. L. Smith. Nature, 413:804, 2001.
[18] S. Sachdev. Quantum phase transitions. New York: Cambridge Univ. Press, 1999.
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[104] P. Wölfle and E. Abrahams. Phys.Rev.B, 93:075128, 2016.
[105] H. Pfau, R. Daou, S. Friedemann, S. Karbassi, S. Ghannadzadeh, R. Kuechler,

S. Hamann, A. Steppke, D. Sun, M. Koenig, A. P. Mackenzie, K. Kliemt, C. Krellner,
and M. Brando. Phys.Rev.Lett., 119:126402, 2017.

[106] D. Belitz, T. R. Kirkpatrick, and T. Vojta. Phys.Rev.Lett., 82:4707, 1999.
[107] VSM Option User‘s manual. Physical Property Measurement System, Quantum De-

sign, 2011.
[108] P. O. Gartland and B. J. Slagsvold. Phys.Rev.B, 12:4047, 1975.
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C. Laubschat, P. Dudin, M. Hoesch, T. Kim, M. Radovic, M. Shi, N. C. Plumb,
C. Krellner, and D. V. Vyalikh. Nano Letters, 17:811, 2017.

[117] S. I. Chikhrij, S. V. Orishchin, and Y. B. Kuz′ma. Dopov.Akad.Nauk., 2:78, 1986.
[118] C. Krellner and C. Geibel. J.Phys.Conf.Ser., 391:012032, 2012.
[119] S. I. Chikhrij, Y. K. Gorelenko, S. V. Orishchin, R. V. Skolozdra, and Y. B. Kuz′ma.

Sov. Phys. Solid State, 33:1556, 1991.
[120] S. Deputier, O. Peña, T. Le Bihan, J. Y. Pivan, and R. Guerin. Physica B: Con-

dens.Matter, 233:26, 1997.
[121] C. Krellner, S. Lausberg, A. Steppke, M. Brando, L. Pedrero, H. Pfau, S. Tencé,
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C. S. Nelson, G. Ehlers, A. Podlesnyak, J. S. Helton, Y. Zhao, Y. Qiu, J. R. D. Copley,
J. W. Lynn, I. Zaliznyak, and M. C. Aronson. Phys.Rev.B, 93:104419, 2016.

[152] A. Ochiai, S. Matsuda, Y. Ikeda, Y. Shimizu, S. Toyoshima, H. Aoki, and K. Katoh.
J.Phys.Soc.Jpn., 80:123705, 2011.

[153] Z. Huesges, K. Kliemt, C. Krellner, M. Rotter, P. Novák, J.Kuneš, C. Geibel, and
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[189] T. Westerkamp. Quantenphasenübergänge in den Schwere-Fermionen-Systemen

Yb(Rh1−xMx)2Si2 und CePd1−xRhx. PhD thesis, TU Dresden, 2009.
[190] E. Schuberth, M. Tippmann, M. Kath, C. Krellner, C. Geibel, T. Westerkamp,

C. Klingner, and F. Steglich. J.Phys.Conf.Ser., 150:042178, 2009.
[191] A. Steppke, M. Brando, N. Oeschler, C. Krellner, C. Geibel, and F. Steglich.

Phys.Stat.Sol.B, 247:737, 2010.
[192] Focus session: Superconductivity in the Vicinity of a Quantum Critical Point. DPG

Frühjahrstagung, Dresden, 2017.
[193] C. Geibel. private communication. Quantum Criticality and Novel Phases 2017, Berlin,

2017.
[194] D. Geiger. Investigations of quantum critical materials at low energies. PhD thesis,

TU Wien, 2016.
[195] S. Paschen. The resistive transition into superconductivity. International conference

on strongly correlated electron systems, Symposium: Heading for new shores with
YbRh2Si2, Prague, 2017.

[196] A. A. Abrikosov. Physics, 2:5, 1965.
[197] J. W. Allen, S.-J. Oh, M. B. Maple, and M. S. Torikachvili. Phys.Rev.B, 28:5347, 1983.
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